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Wireless access networks consist of three sections, i.e., back-haul, front-haul, and 
wireless transmission, where the front-haul transmission systems are to distribute radio 
frequency (RF) signals to antenna towers. For current low-capacity wireless access, RF 
signals over coaxial cables, digital fiber-optic transmission, microwave point-to-point 
transmission, and narrowband radio-over-fiber (RoF) transmission have been used for the 
front-haul transmission systems. However, with the increase of demand of high capacity 
wireless access and also use of massive multiple-input and multiple-output (MIMO) 
antennas, low-cost, simple and broadband front-haul transmission systems are required in 
current 4G and in particular the future 5G wireless.  
RoF transmission system, which is based on optical subcarrier modulation, combines the 
advantages of both optical fiber and radio transmission, where the optical fiber has low 
loss, low cost, extremely high capacity, lightweight, and immunity to electromagnetic 
interference, and the radio transmission simplifies remote radio units (RRUs) at antenna 
towers. Furthermore, radio transmission based front-haul is transparent to RF signal 
frequency and wireless protocol, i.e., upgradable, in addition to simplified RRUs. 
Unfortunately, RoF is an analog optical transmission, and it is well known that any 
analog transmission is susceptible to nonlinear distortion. To be more specific, nonlinear 
distortion is the major limit for RoF transmission. In fact, all inline functional optical and 
electrical components used in RoF transmission systems may induce the nonlinear 
distortion. Specifically in RoF based front-haul systems, two key functions, i.e., RF 
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power amplification and optical subcarrier modulation, are the main factors in 
introducing nonlinear distortions. The nonlinear distortions from RF power amplifiers 
(PAs) have been studied for decades. Therefore, the nonlinear distortions from the optical 
subcarrier modulation are the main concern in this thesis. The nonlinear distortions 
include harmonic distortions (HDs) and intermodulation distortions (IMDs). For narrow 
band RF signals, the HDs can be suppressed by RF filtering, but it may be impossible for 
the IMDs to be filtered out. For broadband RF signals, both HDs and IMDs could fall in 
the passband of RF signals and introduce crosstalk, and therefore both of them are 
required to be suppressed, i.e., linearization required.   
In the past decades, linearization for RF PAs has been investigated extensively, mainly 
focusing on signal processing based linearization, i.e., digital linearization. Unfortunately, 
the digital linearization is typically limited to the RF signals with up to 20 MHz 
bandwidth. Based on the current technologies of signal processing hardware, linearization 
for 1 GHz RF signals can be done, but the complexity and cost are beyond the practical 
applications. In order to explore broadband RoF transmission systems that support 
broadband front-haul, simple, low cost, and broadband linearization is pivotal.   
In this thesis, two linearization technologies for RoF transmission systems are 
investigated comprehensively, i.e., analog predistortion circuit (PDC) and dual 
wavelength optical linearization. Two novel PDCs are designed and investigated to 
suppress 3
rd
 order IMD (IMD3) of RoF transmission systems. The PDCs have the 
advantages of broad bandwidth, compact size, and low cost. The first PDC is designed to 
have a bandwidth from 7 to 18 GHz, using two zero-bias Gallium Arsenide (GaAs) 
Schottky diodes as predistorter. The linearization using this PDC is verified in externally 
modulated RoF transmission systems. When a Mach-Zehnder modulator (MZM) is used 
for the optical subcarrier modulation, the input power at 1 dB compression point (P1dB) of 
the RoF transmission system is improved by 0.4 and up to 2.2 dB from 7 to 18 GHz. The 
spurious-free dynamic range (SFDR) is improved by more than ~10 dB from 7 to 14 GHz 
and ~6 dB from 15 to 18 GHz. When an electro-absorption modulator (EAM) is used, the 
input P1dB is improved by 0.8 and up to 3.8 dB from 8 to 17 GHz. The SFDR is improved 
by more than ~9 dB from 7 to 14 GHz and ~4 dB from 15 to 18 GHz.  
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The second PDC is designed to have an ultra broad bandwidth from 10 MHz to 30 GHz, 
using a dual Schottky diode as the predistorter. The linearization using this PDC is 
investigated in both directly and externally modulated RoF transmission systems. The 
SFDR at 8 GHz is improved by 11.9 dB for a directly modulated RoF transmission. The 
SFDR is improved by more than 10 dB from 1 to 5 GHz and more than 5 dB from 1 to 30 
GHz for an externally EAM modulated RoF transmission. Similarly, the SFDR is 
improved by more than 12 dB from 2 to 5 GHz and more than 5 dB from 2 to 30 GHz for 
an externally MZM modulated RoF transmission. When WiFi signals are transmitted 
over the externally modulated RoF systems for back-to-back (BTB) and 20 km single 
mode fiber (SMF), the error vector magnitudes (EVMs) are improved by 0.4 and up to 
5.1 dB by using the PDC.  





 order nonlinearities of externally modulated RoF transmission 
systems simultaneously, including HDs and IMDs. The linearization is verified in both 
EAM and MZM modulated RoF transmission systems. Theoretical analysis is given for 
the first time to understand DWL technique. The experimental results agree with the 
theoretical analyses. In the externally EAM modulated RoF transmission systems, when 
the 2
nd
 order nonlinearity is maximally suppressed, 11.5 and 1.8 dB improvements of the 
SFDRs with respect to HD2 and HD3 respectively are achieved by using DWL 
simultaneously. 8.5 and 1.3 dB improvements of the SFDRs with respect to IMD2 and 
IMD3 respectively are also achieved. Correspondingly, 3 and 4 dB improvements of the 
input and output P1dBs respectively are obtained. When the 3
rd
 order nonlinearity is 
maximally suppressed, the SFDRs with respect to HD3 and IMD3 are improved by 8.1 
and 20.4 dB, respectively, and corresponding 7.7 and 11.7 dB improvements of the input 
and output P1dBs respectively are achieved. Furthermore, IMD5 is also suppressed, and 
the SFDR5 with respect to IMD5 is improved by 7.1 dB. Moreover, the RoF transmission 
of WiFi signals at 2.4 and 5 GHz are also linearized by using DWL technique. 3.5 dB at 
2.4 GHz and 2.8 dB at 5 GHz improvements of the EVMs are obtained.  
For an externally MZM modulated RoF transmission system, DWL is also investigated 
theoretically and experimentally.  In the system, it is found that the SFDRs with respect 
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to HD2 and HD3 are both improved at the same time when the even order nonlinearities 
are suppressed, in which the power of the RF signal and 3
rd
 order nonlinearity is 
increased by the same level. Thus, the SFDR3 is still improved even the 3
rd
 order 
nonlinearity is increased. Compared to using a single 1553 nm laser, the SFDRs with 
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Chapter 1 Introduction 
1.1 Radio-over-Fiber Transmission Systems 
More and more customers are attracted by the diverse services and entertainments based 
on wireless mobile devices. The dramatic increase in the use of smart phones, tablets, and 
other mobile data consuming devices, combined with the advanced applications, is 
requiring high capacity heterogeneous wireless networks. Because of the increasing 
density of remote radio units (RRUs) and the enhanced diversity of wireless 
communication technologies, back-haul and front-haul networks are developed to support 
the wireless access network as shown in Figure 1-1.  
 
Figure 1-1  Schematic of wireless access networks including back-haul and front-haul as well as wireless 
networks. CPRI: Common Public Radio Interface, OTN: Optical transport network, RRU: remote radio 
unit, CPU: central process unit. 
High capacity digital fiber systems can be used in the back-haul networks to transmit 
baseband signals. For the front-haul networks, traditional techniques for wireless signals 
distributed to antenna towers are based on narrow band analog radio frequency (RF) 
transmission over coaxial cable, digital fiber transmission, narrow band analog point to 
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point microwave transmission, and narrow band analog radio-over-fiber (RoF) 
transmission, etc. Microwave coaxial cable is too costly, and high frequency signals 
suffer from high loss in the cable. Compared to the microwave coaxial cable, the optical 
fiber has the features of extremely broad bandwidth, low cost, low loss, light weight, 
safety, and immunity to electromagnetic interference. Digital fiber transmission studied 
for decades is a matured technology [1]-[9]. It has been used widely for digital signal 
transmission. But the digital fiber transmission has a serious drawback for wireless signal 
distribution: The antenna tower site, i.e., the RRU, is very complicated since digital 
to/from analog signal processing is required. The microwave point-to-point transmission 
is more suitable for buildings in dense cities, and doesn’t support long distance and high 
capacity wireless signal transmission. And the quality of the transmitted signal through 
microwave transmission is extremely susceptible to the environmental conditions, 










Figure 1-2  Schematic of an RoF transmission system. OTx: optical transmitter. ORx: optical receiver. 
RoF transmission system is an appropriate solution for the front-haul networks in 
broadband wireless access [10]-[19]. The RoF based front-haul systems are shown in 
Figure 1-2. The RoF system is to directly transmit analog RF signals over fiber from 
central process unit (CPU) to RRUs, and vice versa, which has been used since 1990s for 
narrow band wireless signal distribution. Due to the upcoming broadband applications, 
such as LTE and LTE advanced with the application of multiple-input and multiple-
output (MIMO), RoF transmission system has become a hot technology for the future 
cloud radio access networks (C-RANs).  
RoF transmission systems combine the advantages of the optical fiber and wireless access. 
In the downlink, RF signals are generated and up-converted to specific subcarrier 
frequencies in the CPU. The optical transmitter (OTx) is used to modulate optical carrier 
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with the RF signals. Thus, the RF signals are carried by the optical carrier and then 
transported by the optical carrier through optical fiber from CPU to RRUs. Usually single 
mode fiber (SMF) is used because it is cheap and provides better performance in 
bandwidth and transmission distance. Moreover, compared to the SMF, multi-mode fiber 
(MMF) induces severer mode dispersion. An optical receiver (ORx) at the RRU is used 
to demodulate optical signals to RF signals. The demodulated RF signals are distributed 
by RF amplifiers and antennas. In the uplink, the received RF signals from the antennas 
are amplified and then used to modulate an optical carrier by an OTx at the RRU. After 
the transmission in the optical fiber, an ORx demodulates the light. The demodulated RF 
signals are down-converted and processed at the CPU. The up/down-conversions, analog-
to-digital/digital-to-analog converters (ADCs/DACs), and signal processing are moved to 
the CPU. The ORx is usually a photodiode (PD), and the OTx could be a laser or a laser 
plus an external modulator. The modulation using a laser is called direct modulation and 
the modulation using a laser plus an external modulator is called external modulation. 
Direct modulation is simpler than external modulation, but external modulation has lower 
chirp and higher bandwidth compared to the direct modulation. Chirp could induce phase 
distortion and signal spectrum broadening, and also makes chromatic dispersion (CD) 
more severe. The CD is a phenomenon that lights with different wavelengths in an optical 
pulse in the optical fiber move with different velocities so that the pulse is broadened. To 
reduce CD, optical single sideband (SSB) modulation [20]-[22] and dispersion 
compensating fiber (DCF) [23], [24] are studied. Optical SSB modulation can be 
achieved by accurately adjusting DC bias and phase difference between the two RF 
inputs of a Mach-Zehnder modulator (MZM). Compared to optical double sideband 
(DSB) modulation, SSB modulation generates only one optical sideband so that lower 
bandwidth is occupied, thus the CD is reduced. It also can be used to compensate for the 
power fading caused by the CD. DCF is dispersive fiber with negative dispersion 
coefficient. The dispersion induced by DCF can be used to compensate for that induced 
by SMF. Since the signal processing, ADC/DAC, and up/down-conversions are located at 
the CPUs in RoF systems, and thus the RRUs are simplified. More importantly, the RoF 
transmission systems are transparent to wireless bit rates, wireless carrier frequencies, 
and also wireless protocols. The transparent infrastructure and centralization make not 
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only the replacement and maintenance easier, but also the dynamic cloud access 
achievable. This is the main reason why the RoF has been revisited by academia and 
industries recently.  
Nowadays, many companies offer a variety of RoF solutions and products. After 
acquisitions of Avaya Connectivity Solutions, Andrew Inc., and TE Connectivity, 
Commscope provides wired and wireless networks solutions including fiber-to-the-
antenna connectivity. Photonic Systems Inc. and RF Optic Ltd. design RoF transmitters, 
receivers, and links up to 20 GHz. Microwave Photonic Systems Inc. designs RoF 
modules up to 18 GHz. ViaLite Communications provides RoF link up to 100 km 
transmission and up to 4.2 GHz. Moreover, Emcore, Fiber-Span, Pharad, Foxcom, and 
Finisar also have RoF module designs up to 3 GHz. 
1.2 Motivations and Contributions 
RoF transmission systems are based on optical subcarrier modulation and analog optical 
transmission and therefore are susceptible to nonlinear distortions. So the suppression of 
nonlinear distortions, i.e., linearization, is the key technique for successful application of 
RoF transmission systems for broadband front-haul networks. Nonlinear distortions are 
caused by nonlinear characteristics of the microwave and optical components in RoF 
transmission systems. Two main sources of the nonlinearities in RoF transmission 
systems are optical subcarrier modulation and RF power amplification. Nonlinearities can 
generate spurious signals that may overlap with the desired RF signals, so that the 
transmission performance is degraded and the transmission system cannot conform to the 
standards of the applications.  
3
rd
 order intermodulation distortion (IMD3) has been considered in most cases. This is 
because the IMD3 certainly falls in the passband of the RF signals. However, when 
broadband and/or multi-band wireless signals, which have been suggested by LTE-
advanced, are transmitted, 2
nd
 order nonlinearities and harmonic distortions (HDs) may 
also generate spurious components that overlap with the RF signals. Consequently, the 
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 order nonlinearities should be considered in RoF 
transmissions systems.  
For the RoF downlink in Figure 1-2, the main sources of the nonlinearities stem from the 
optical subcarrier modulation at the CPU and the RF power amplifiers (PAs) at the RRU. 
While for the RoF uplinks in Figure 1-2, the nonlinearities originate from the optical 
subcarrier modulation at the RRU. If the RF PAs work in almost the saturation, the 
nonlinearities from the PAs are comparable to the optical subcarrier modulation. 
Otherwise the nonlinearities from the optical subcarrier modulation are dominant. The 
rest of the components also introduce nonlinearities, but typically very small compared to 
the above.  
In this thesis, the research focuses on the linearization technologies of RoF transmission 
systems, includes the analog predistortion circuit (PDC) and optical linearization 
technologies are studied and proposed. The main contributions include: 
(1) A broadband analog PDC based on zero bias Schottky diodes is designed and 
proposed to linearize the externally modulated RoF transmission systems. Broadband 
linearization from 7 to 18 GHz and low power consumption is obtained. The 
dimension of the PDC is 3.5 × 1.6 cm
2
. 
(2) A novel ultra broadband analog PDC based on monolithic dual Schottky diode is 
designed and proposed to linearize the directly and externally modulated RoF 
transmission systems. Ultra broadband linearization from 10 MHz to 30 GHz is 
obtained. The dimension is further reduced to 2.4 × 1 cm
2
. 





order nonlinearities generated by electro-absorption modulator (EAM) 
simultaneously in an RoF transmission system. Theoretical model and experiment 
are presented. 
(4) DWL technique is studied to improve the spurious-free dynamic ranges (SFDRs) 




 order nonlinearities simultaneously in an RoF transmission 
system using an MZM. Theoretical model and experiment are presented. 
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1.3 Organization of the Thesis 
In this chapter, the basic concepts of RoF transmission systems have been introduced. 
The nonlinearities from RoF transmission systems are also introduced briefly. The 
motivations and contributions of the research are given. 
Chapter 2 introduces the background of RoF transmission systems. The literature review 
about the linearization technologies for RoF transmission systems is presented and 
discussed.  
In Chapter 3, a broadband analog PDC using zero bias Schottky diodes is designed and 
experimentally verified to linearize externally modulated RoF transmission systems. The 
experiments are given. 
In Chapter 4, an ultra broadband analog PDC based on monolithic dual Schottky diode is 
designed and experimentally verified to linearize directly and externally modulated RoF 
transmission systems. And the experiments are given.  
In Chapter 5, DWL technique is proposed to linearize the externally modulated RoF 
transmission systems. Theoretical models are given, and the simulation based on the 
model is presented to predict the performance of the technique. The experiments are 
presented to verify the model. 
In Chapter 6, the research is summarized. And the future works on the linearization 








Chapter 2 Background and Literature Review 
2.1 Introduction 
In recent two decades, RoF technologies have been attracting attention because they 
provide a solution for the delivery and distribution of broadband RF signals. Based on the 
analog optical transmission and optical subcarrier modulation, RoF transmission systems 
distribute RF signals directly through the optical fibers. RoF transmission systems are 
different from the conventional digital optical transmission systems. In this chapter, the 
key technologies employed in RoF transmission systems are introduced briefly. The 
nonlinearities in RoF transmission systems are also introduced. A review about the 
linearization technologies for RoF systems is presented and discussed. 
2.2 RoF Technologies 






















Optical carrier Optical 
subcarrier
 
Figure 2-1  Schematic of optical subcarrier modulation. 
The principle schematic of the optical subcarrier modulation is given in Figure 2-1. In 
Figure 2-1, the optical carrier is double sideband modulated with a RF signal in an OTx. 
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Then the RF signal is carried by the optical carrier, i.e., the RF carrier in RF domain is 
transferred to the subcarrier in optical domain. This process is called optical subcarrier 
modulation. It can be seen that the optical spectrum occupies double bandwidth of that 
the RF signal occupied in the RF spectrum. Compared to the digital optical modulation in 
digital optical fiber systems, optical subcarrier modulation leads to broad bandwidth 
occupation. Thus the system is more susceptible to CD and nonlinear distortions.  

























Current (A)  
Figure 2-2  Transmission characteristic of a directly modulated laser. 
Optical modulation includes direct and external modulation. Direct modulation is the 
technique that the intensity of a laser is modulated directly by the electrical current. 
Despite of the simple implementation, the direct modulation is limited by the bandwidth 
and chirp of the laser. The chirp could induce frequency and phase distortions. The 
measured transmission characteristic of a directly modulated laser is shown in Figure 2-2. 
When the bias current is higher than the threshold of the laser, the optical output power is 
almost proportional to the bias current. Nevertheless, it is obvious that the transmission 
characteristic is nonlinear. In the direct modulation, only the magnitude of the optical 
carrier can be modulated. 
2.2.2 External Modulation of EAM 
EAM and MZM are the two modulators used for the external modulation. The EAM is 
designed in the method of semiconductor waveguide with an electrode for electric field 
application. Compared to MZM, EAM has the advantages of small size, lower bias 
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voltage, and integration with laser diode on one chip. Laser integrated with EAM is 
called electro-absorption modulated laser (EML) and it has higher bandwidth and lower 
chirp than the directly modulated laser. The absorption recovery time of EAM can be 
reduced to less than 10 ps for high reverse bias voltage [25]. The characteristics of EAM 
have been already analyzed in [26], [27]. The optical transmission characteristic of an 






























Reverse bias voltage (V)  
Figure 2-3  Measured transmission of an EAM. 
Generally speaking, the insertion loss of EAM is higher than MZM’s. When the reverse 
bias voltage is increased, the absorption is increased, which means that the transmission 
is reduced. The reverse bias voltage applied to EAM is generally lower than 3 V because 
high reverse bias voltage induces too much loss. The modulation efficiency is low when 
the reverse bias voltage is lower than 1 V. Figure 2-3 shows some drifts at reverse bias 
voltage of 1.7, 2.8, and 3.2 V. These are caused by the deviation of the temperature. 
EAM is susceptible to the temperature so the temperature control is required. The 
nonlinearity of EAM is induced by the intrinsic nonlinear absorption. Some other 
nonlinearities in optical domain also can be generated in EAM, such as four-wave mixing 
(FWM) [28]-[30], cross-absorption modulation [31]-[33], and cross-polarization rotation 
[34]-[36]. These optical nonlinearities can be changed by adjusting the DC bias.  
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Figure 2-4  Structure of MZM. 
Compared to EAMs, MZMs are commonly used because of their multi modulation 
schemes and zero chirp. The structure of an MZM is given in Figure 2-4. The light from 
optical fiber is injected to the optical waveguide and divided into two paths in exact the 
same lengths. In each path, an electrode is added to apply the electric field. When a 
voltage is applied to the electrode, the generated electric field will change the refractive 
index of the optical waveguide, i.e., transmission speed of the light in the optical 
waveguide. Each path is actually an optical phase modulator. The interferometric 
structure converts the phase modulation to intensity modulation. The output electric field 
of an MZM can be described as 
 
        
 
 








       (2.1) 
where Eout(t) is the output electric field of the MZM, Ein(t) is the input electric field of the 
MZM, Vπ is the half-wave voltage, V1(t) and V2(t) are the two applied voltages. It can be 
seen that the output electric field is the sum of the output electric fields of the two optical 
phase modulators. The two applied voltages are given as follows: 
                          (2.2) 
 
                      (2.3) 
where VRF and θ are the magnitude and phase of the applied RF signal respectively, and 
Vbias is the bias voltage applied to the MZM. By adjusting Vbias and θ, several different 
modulation schemes can be achieved.  
Table 2-1 shows three frequently used modulation schemes of an MZM and their 
required modulation conditions. The k and n in Table 2-1 are integer constants. Besides, 
some other modulation schemes such as the odd orders suppression also can be achieved. 
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The spectra of the three modulation schemes are shown in Figure 2-5. DSB modulation is 
the most frequently used because the chirp can be eliminated by push-pull modulation. 
The push-pull modulation can be achieved by setting 
           (2.4) 
 
Table 2-1  Modulation schemes of MZM and required conditions. 
Modulation schemes Conditions 
DSB modulation 
                  
and           
SSB modulation 
                  
and             
 DSB-SC 
              
and           
Substituting (2.2), (2.3), and (2.4) into (2.1), the output electric field for DSB modulation 
can be expressed as 
 
                      
      
   
 
    
  
           
 
      
    (2.5) 
Because Vbias is a constant voltage, the phase of the output electric field is not modulated 
by the RF signal, i.e., the chirp of MZM is eliminated. Similarly, double-sideband 
suppressed-carrier modulation (DSB-SC) modulation also can cancel the chirp of MZM. 
Figure 2-5 shows that the optical carrier is suppressed by DSB-SC modulation. This is 
caused by setting 
                (2.6) 
Using Jacobi-Anger expansion, (2.5) can be expanded as 
                             




   
                
 
      
    (2.7) 
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where J2n-1( ) is the 2n-1
th
 order Bessel function of the first kind. It can be seen that only 
the odd order subcarriers are kept in (2.7). The optical carrier is also suppressed. Without 
the optical carrier, the frequency of the RF signal will be doubled after photodetection. 
















Figure 2-5 Spectra of (a) DSB, (b) SSB, and (c) DSB-SC modulation schemes. 
Optical SSB modulation is used to reduce CD and nonlinearity, because it occupies 
narrower bandwidth and some specific nonlinear components are suppressed compared to 
DSB modulation. Referring to the condition for the optical SSB modulation in Table 2-1, 
the output electric field of the MZM for SSB modulation can be described as 
            
 
 








              (2.8) 
Using Jacobi-Anger expansion, (2.8) can be expanded as 
            
 
 
             
          
 
  
     
       
 
    
 (2.9) 
(2.9) shows that one subcarrier is suppressed for each pair of the odd order components. 
On the other hand, the even order components are always nonzero. Table 2-2 shows the 
components for different orders. 
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Table 2-2  Output electric field components for different order for optical SSB modulation. 
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2.2.4 Photodiode 
PD is used in ORx to convert light to current. When a light is injected to a PD, the light is 
absorbed in the PD and a current is produced. The mechanism is similar to the envelope 
detection. The frequency of the optical carrier is much higher than the frequency of the 
carried electrical signal, so the electrical signal is recovered. PD also produces weak 
current when no light is injected. This current is called dark current which needs to be 
reduced. PD is reverse biased to reduce the junction capacitance so that its response time 
is decreased. The relationship between the photocurrent and light is presented as follows: 
         (2.10) 
where I is the photocurrent, Popt is the received optical power, and R is the responsivity of 
the PD. Usually the responsivity is ~0.6 A/W. 
14 
 
2.3 Nonlinearities in RoF Transmission Systems 
Ideal 
Transmission




Figure 2-6  Schematic diagram of (a) the ideal and (b) practical transmissions of an RoF transmission 
system. 
When an RoF transmission system is designed, it should be linear in principle, i.e., the 
ratio of the RF output power and RF input power should be a constant as shown in Figure 
2-6 (a). But in reality, it is impossible to obtain an ideal linear system, especially when 
the RF input power is high. The schematic diagram of the ideal and practical 
transmissions of an RoF transmission system is given in Figure 2-6. When the RF input 
power is very low, the practical system is almost a linear system. The nonlinearities are 
too low to be measured. However, when the RF input power is increased for higher 
output, the transmission of the system begins to be suppressed, i.e., the system is 
nonlinear. If a system is nonlinear, nonlinear components are generated and transmitted 
with the RF signal so that nonlinear distortions are induced. So the nonlinearities must be 
suppressed. Nonlinearities include harmonics and intermodulations. Harmonics are the 
components whose frequencies are integer multiples of the signal. Intermodulations are 
the components which contain two or more signal frequencies. In an RoF transmission 
system, the nonlinearities could be generated in RF domain such as from PA and optical 
modulator, or in optical domain such as FWM in the EAM or semiconductor optical 
amplifier (SOA). They are called the RF nonlinearities and optical nonlinearities 
respectively. The details are introduced as follows. 
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Figure 2-7  RF nonlinearities in the two-tone test in an externally modulated RoF transmission system. 
In an RoF transmission system, the RF nonlinearities are generated mainly by RF 
amplification and optical subcarrier modulation. When the RF input power is high, the 
nonlinearities are induced obviously. A two-tone test in an externally modulated RoF 
transmission system is given as an example in Figure 2-7. The two-tone signals are at 2 
GHz and 2.002 GHz and the RF input power is -5 dBm per channel. It can be seen that 
the power of the 3
rd
 order IMDs and 5
th
 order IMDs (IMD5) is comparable to the RF 
signal power. Because the frequency spacing between the two RF signals is 2 MHz, the 
frequency spacing between the RF signal and IMD3 is also 2 MHz and it is 4 MHz for 
IMD5. So it is obvious that the IMDs cannot be eliminated by RF filtering.  
 
Figure 2-8  Spectrum of a transmitted WiFi signal through a directly modulated RoF system. 
Except for the two-tone test, a WiFi signal transmitted through a directly modulated RoF 
transmission system is also given in Figure 2-8. The WiFi signal occupies 20 MHz 
bandwidth. It can be seen that the generated IMD3 is ~20 dB higher than the noise. The 
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bandwidth of the IMD3 is about 3 times of the bandwidth of the WiFi signal. Since they 
have the same center frequency, the IMD3 overlaps with the WiFi signal. When the 
signal power is increased, the power of the IMD3 is increased by 3 times so that the error 
vector magnitude (EVM) is decreased dramatically. 
2.3.2 Optical Nonlinearities 
In RoF transmission systems, SOA and EAM can generate nonlinearities in optical 
domain such as FWM, cross-absorption modulation, and cross-polarization rotation [28]-
[36]. Among the optical nonlinearities, the FWM is an important effect in RoF 
transmission systems. The FWM effect is similar to the IMD3 generated in a two-tone 
test. When two lights at frequencies of f1 and f2 are injected into an SOA or an EAM, two 
more lights are generated at the frequencies of 2f1-f2 and 2f2-f1. The FWM effect is shown 
in Figure 2-9. The magnitudes and phases of the two FWM lights depend on the intrinsic 
characteristic of the EAM or SOA and also the bias voltage [37]. So the magnitudes of 

















Figure 2-9  Effects of the FWM in an EAM. 
To calculate the FWM efficiency, a model of FWM in EAM is established [37]. EAM 
and SOA are both semiconductor devices but they have reverse carrier transfer behaviors. 
EAM converts photons to electrons, but SOA absorbs electrons to generate photons. So 
the model can be also used for SOA. The FWM in EAM is mainly caused by the carrier 
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density pulsation (CDP) [28]. A classic rate equation is used to derive the FWM 











where J is the current density, d is the thickness of the active layer, P is the photon 
density per unit time, N is the carrier density, e is the electron charge, GA denotes the 
gain/loss induced by the photon-electron conversion in the EAM, and τ is the carrier 
recombination time. It is assumed that the photon density is not so high that the nonlinear 
absorption induced saturation effect can be ignored. A pulsation is induced by the beating 
of the two pump lights. The transmission characteristic of the EAM and its fitting curve 
are given in Figure 2-10. It shows that the 15
th
 order polynomial and 5
th
 order exponential 
polynomial can fit the transmission curve properly. The polynomials are as follows: 
    
    
   
     
 
  
   
      
  
    (2.12) 
where Pin (Pout) is the input (output) power to (from) the EAM, Ck and Tk are the 




























Reverse bias voltage (V)  
Figure 2-10  Measured transmission of the EAM and fitting curves. 
From (2.11), (2.12), and some common equations, the FWM efficiency for DC 
modulation can be derived as 
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(2.13) 
where c is the speed of light in vacuum, ωp1 and ωp2 are the angular frequencies of the 
two pump lights,           , η is the refractive index, g is the gain coefficient 
given by           , L is the length of the active waveguide, αc is the linewidth 








 ,           , Ep1 and 
Ep2 are the amplitudes of the optical fields of the two injected pump lights, ħ is the 
reduced Planck constant and CV is introduced by the 1
st
 order coefficient of Taylor series 
of ln(n), and it is given by           
      
 
        
. nmax is a constant, GA0 is the EAM 
transmission without the pulsation, and P0 is the photon density per unit time without the 
pulsation. Using (2.13), the electric field of the FWM light can be calculated. The 
measured and calculated FWM efficiencies are given in Figure 2-11. It can be seen that 
the calculation matches the measured results. The highest FWM power is achieved at 






















Reverse bias voltage (V)  































Frequency detuning (GHz)  
Figure 2-12  Calculated detuning characteristics. 
By using this model, the detuning characteristics also can be calculated. The results of 
calculation are given in Figure 2-12 and they agree with the common frequency detuning 
phenomenon of EAM, i.e., the FWM efficiency decreases when the frequency detuning is 
increased. Figure 2-12 shows that the detuning characteristics depend on the bias voltage 
of EAM. 
By using similar approach, the electric field of the FWM light with RF modulation can be 
derived as 
        
       
    
 












   
 
   
 
   
 
   









    




     
        
           
 
       
         




     
   
(2.14) 
where     
    






   
  
      
 .  
To show the impact of the effective RF voltage Veff on FWM efficiency, the calculated 
FWM efficiencies versus Veff are given in Figure 2-13. The reverse DC bias voltage is set 
to 1, 1.5, 2, 2.3, 2.5 and 3 V. Veff is the root mean square of the applied RF voltage. It can 
be seen that the FWM efficiency is the highest for Veff from 0 to 0.7 V at the bias voltage 
of 2.3 V. The dependences of the FWM efficiency on Veff at different DC bias voltages 
are shown in Figure 2-13. It is seen that the FWM efficiency increases at bias voltages of 
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1 and 1.5 V, and decreases at bias voltages of 2, 2.3, 2.5 and 3 V, with the increase of Veff. 
More importantly, it is seen that, for some bias voltages such as 1.5 V and 2 V, the FWM 
efficiency has less dependence on Veff. When Veff is 0 V, the calculated results in Figure 2-
13 agree with the results in Figure 2-12. When Veff is increased from 0 V, the FWM 
efficiencies begin to deviate from the FWM efficiency for DC. So it can be seen that this 
is a tradeoff to balance the modulation efficiency and FWM in an EAM. The bias voltage 
of the EAM has to be chosen for enough modulation efficiency and FWM efficiency as 
low as possible. As mentioned before, these equations are also applicable for SOA, but 






























Figure 2-13  Calculated FWM efficiencies versus Veff for the reverse DC bias voltages of 1, 1.5, 2, 2.3, 2.5 
and 3 V. 





















Figure 2-14  Schematic diagram of SFDR. IP: Intercept point. 
SFDR is commonly used to evaluate the linearity of an RF system. It is defined as the RF 
power range where the dominant nonlinearity is lower than the noise level. The schematic 
diagram is given in Figure 2-14. 
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Figure 2-15  Schematic diagram of EVM. 
Because EVM is independent of modulation scheme, it is a good measurement to 
evaluate the quality of a modulated signal. The principle of EVM is shown in Figure 2-15. 
In an ideal system, the constellation points of the output signal should be located at the 
ideal positions. However, in a practical system, the deviations from the ideal positions of 
the constellation points are caused by imperfections such as noise and distortion. EVM is 
employed to measure the deviation. It is defined as follow: 
                  
  
  
  (2.15) 
where PE and PR are the root mean square average power of the error vector and 
reference vector, respectively. EVM is the reciprocal of signal-to-noise ratio [38]. 
2.4 Literature Review of Linearization Technologies for RoF 
Transmission Systems 
To suppress the nonlinear distortions induced mainly by an optical modulator in RoF 
transmission systems, several linearization techniques have been proposed. These 
techniques mainly focus on 2
nd
 order nonlinearities, IMD3, and IMD5. The 2
nd
 order 
nonlinearities have the highest power among the nonlinearities, but it falls out of the 
passband of RF signals. However, 2
nd
 order nonlinearities may overlap with other signals 
in multiband RoF transmission systems, such as a WiFi signal at 2.4 GHz and a 
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multiband orthogonal frequency-division multiplexing (OFDM) ultra wideband (UWB) 
signal at 3.96 GHz. 2
nd
 order nonlinearities include 2
nd
 order harmonic distortion (HD2) 
and 2
nd
 order IMD (IMD2). IMD3 also has high power among nonlinearities, and it is in 
the passband of RF signal. So IMD3 must be considered as the most important nonlinear 
distortion. IMD5 also falls in the passband of RF signal, but its power is much lower than 
2
nd
 order nonlinearities and IMD3. In an RoF transmission system, electrical and optical 



















Figure 2-16  Linearization technologies for RoF transmission systems. 
Figure 2-16 summarizes the linearization technologies that have been developed. The 
electrical and optical linearization technologies mean implementations completed in 
electrical and optical domain, respectively. The predistortion means that a spurious 
distortion is firstly generated and then is used to suppress the transmission generated 
distortion. The postdistortion is opposite to the predistortion in the process sequence. 
Optical linearization is the technology that two or more nonlinear optical components are 
combined and adjusted to suppress the total system nonlinearities. Electrical methods 
include analog PDC and digital linearization. Analog PDC is low-cost because ICs are 
cheap and all components are integrated in one circuit and its size is very compact. PDC 
can provide ~10 dB improvement of SFDR. Although the analog PDC can suppress 
IMD3 in an RoF transmission system, it cannot deal with memory effect. Memory effects 
are the circuit behaviors which cannot be modeled by the standard steady-state 
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characterization techniques. Digital linearization is more precise but more complicated 
compared to the analog PDC, in which an ADC must be employed to sample analog 
signals, and then an algorithm is used to calculate and analyze the sampled signals. 
Finally a predistortion signal is added to the signal generator. The disadvantages of the 
digital linearization are high cost and low sample rate of ADC. Most of the ADCs are 
designed for 1 GSample/s and less. A few ADCs can work for higher than 10 GSample/s, 
but they cost more than $10,000 for each typically. Speaking, the bandwidth of RF 
signals in digital linearization is lower than 100 MHz. Synchronization is also difficult 
for RoF transmissions, so most of broadband digital linearizations use off-line signal 
processing with computer. Compared to the electrical methods, the optical methods have 
higher bandwidth because the bandwidth is only limited by the optical subcarrier 
modulation. But the linearization may be complex. The comparison of the linearization 
methods is presented in Table 2-3. 
Table 2-3  Comparison of linearization technologies. 
Linearization method PDC Digital Optical 
Bandwidth High Low High 
Loss Medium Low Low/Gain 
Complexity Low High High 
Cost Low High Medium 
Even order nonlinearity No Difficult Yes 
Improvement Good Best Good 
24 
 
2.4.1 Analog PDC 

















Figure 2-17  Linearization principle of analog PDC. 
Figure 2-17 shows the linearization principle of an analog PDC [39]-[48]. Among the 
nonlinearities, only the IMD3 is considered in the principle. The analog PDC for an RoF 
transmission system is similar to that for a PA. The upper part of Figure 2-17 shows the 
nonlinearity caused by the optical subcarrier modulation in an RoF transmission system. 
The PD also induces nonlinearities but it is so small that it can be neglected. The IMD3 
induced by the optical subcarrier modulation is antiphase with the RF signal in Figure 2-
17. For the most cases in RoF transmission systems, the IMD3 induced by the optical 
subcarrier modulation is antiphase with the RF signal, but sometimes they are inphase 
with each other, such as modulation using an EAM at some specific bias voltages. But 
these bias voltages are rarely used because of high loss or low RF modulation efficiency 
at these bias voltages. The lower part of Figure 2-17 shows the linearization principle of 
the analog PDC. The PDC generates the IMD3 that is inphase with RF signal due to its 
intrinsic characteristic. So the IMD3 generated by the optical subcarrier modulation and 
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the IMD3 generated by the PDC will cancel each other. The RF signal can be kept but 
some loss is induced.  
For broadband analog PDC, the phase and magnitude must be maintained precisely for 
the whole band. The phase difference between the RF signal and IMD3 should be no 
more than 10º. The capacitor, inductor, and parasitics can induce phase shift. The 
magnitudes of the RF signal and IMD3 should be constant for the whole passband. This 
depends on the S21 of all the components, connectors, and design of the circuit. The most 
important component is the predistorter, i.e., one or two diodes. Diode is the smallest 
nonlinear component and it can generate IMD3 that is inphase with RF signal due to its 











Figure 2-18  Schematics of the analog PDCs [39]-[42]. 
Figure 2-18 shows the schematics of the previously reported analog PDCs using diodes 
[39]-[42]. Several setups are used to form predistortion, such as serial diode, anti-parallel 
diodes, and multiple diodes. However, they can only offer limited bandwidth up to 
hundreds of MHz. The broadest bandwidth of previously reported PDCs is from 3.1 to 
4.8 GHz [43]. The predistorter also can be designed using integrated circuit (IC) 
techniques [46]-[48]. This is similar to the PDC using diodes, but the design is moved 
from board-level to chip-level. However, despite the bandwidth of the predistorter based 
on IC techniques is extended to several GHz for PAs [47], [48], the bandwidth for RoF 
transmission is still limited to be lower than 100 MHz.  
 















Figure 2-20  Prototype of the analog PDC reported in [43]. 
The schematic of the analog PDC reported in [43] is shown in Figure 2-19. The RF input 
signal is equally split into two paths by a Wilkinson power divider (WPD), and goes 
through a pair of anti-parallel diodes. The even-order nonlinear products are cancelled 
due to the anti-parallel connection, and only odd-order nonlinear products are remained. 
Four three-section quarter-wave impedance transformers are used for broadband 
impedance matching. Another WPD is used as power combiner. Figure 2-20 presents the 
prototype of the PDC. It can be seen that the three-section quarter-wave impedance 









Figure 2-22  Measured EVM versus UWB input power for (a) BTB and (b) 20 km SMF transmission. 
Figure 2-21 shows the measured SFDRs of 109.5 dB Hz
4/5
 and 98.5 dB Hz
2/3
 for the 
EAM with and without the PDC. It is shown that the IMD is 5
th
 order limited (the slope 
of IMD3 power) for the RoF system using the predistorted EAM. Without the PDC, it is 
third-order limited. This shows that the IMD3 is suppressed from the predistorted EAM. 
Figure 2-21 shows that the PDC leads to an SFDR improvement of 11 dB. The broadband 
linearization from 3.1 to 4.8 GHz is also verified. Moreover, the PDC is evaluated in an 
RoF transmission of multiband-OFDM UWB from 3.168 to 4.752 GHz. The 
experimental results in Figure 2-22 show that the EVM can be improved by ~1 dB for 
back-to-back (BTB) and 20 km SMF transmission. 
Despite the broadband linearization over GHz was achieved by using analog PDC, the 
bandwidth of PDC is still needed to be improved to satisfy the bandwidth requirement of 
RoF transmission systems and the dimension of PDC has to be reduced for simple 
implementation. 
2.4.2 Digital Linearization 
Digital linearization includes digital predistortion (DPD) [49]-[60] and digital post 
processing (DPP) distortion [61]-[67]. The DPD has been developed for decades, to 
suppress the IMD3 generated by RF PAs [68]. Digital linearization uses ADC to sample 
the analog signal and linearize the transmission by digital signal processing (DSP). 
Generally speaking, current digital linearization is limited to 20 MHz bandwidth [60]. 
Technically, it is now possible to achieve wideband, greater than 1 GHz bandwidth. 
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However, the required DSP is complicated and the power consumption is huge, beyond 
the practical applications. To reduce the DSP requirements, multi-band DPD techniques 
have been developed recently, in which only RF signals occupied bandwidth is processed 
[59], [65].  
In order to use the DPD for broadband RoF downlinks and DPP for broadband RoF 
uplinks, both located in CPU, it is required to simplify the currently developed digital 
techniques that are being used for RF PAs and also improve the linearization bandwidth.  
The principle of the digital linearization technique is that a predistorter is used to generate 
opposite nonlinear characteristic digitally to compensate for the nonlinearity of the RoF 
transmission. When the broadband signals are transmitted over the RoF system, memory 
effect in the RoF transmission has to be considered. So, memoryless polynomial is not 
sufficient to model RoF transmissions. More than 10 dB of additional accuracy can be 
obtained when using a memory polynomial to estimate the nonlinear behaviors than using 
memoryless polynomial in an RoF transmission [51]. Volterra series is commonly 
considered to be an appropriate memory polynomial. Memory length and nonlinearity 
order of the memory polynomial are related to the performance and complexity of the 
digital linearization. Up to 5
th
 order nonlinearity may be sufficient for the model. Even 
order nonlinearities also need to be considered because even order nonlinearities 
contribute to the generation of odd order IMDs. The memory length of two may be 
adequate to model memory effect of RoF transmission systems. When higher nonlinearity 
order and memory length are used, the accuracy is improved slightly but more 
coefficients need to be extracted. This dramatically increases the complexity and 
calculation time of digital linearization. Moreover, when the nonlinearity is increased, the 
accuracy of the model is decreased.  
The DPD technique uses the feedback of the nonlinearity information of the RoF 
transmission to generate a distorter. By sampling the input and output data of an RoF 
transmission without the DPD, a predistorter with inversed nonlinearity characteristic can 
be generated. A memory polynomial can be used to approximate the predistorter. To 
obtain the coefficients of the memory polynomial, the input and output data of the RoF 
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transmission system is used for training the output and input data of the predistorter. Gain 
of the RoF transmission system needs to be removed before the training input data is 
injected to the predistorter. Then, using the least-square error minimization method or 
other algorithms, the coefficients of the distorter model can be extracted and the 
predistorter is established. When up to 5
th
 order nonlinearity is used in digital 
linearization, ~15 dB suppression of the adjacent channel power (ACP) and ~9 dB 
improvement of the EVM can be achieved [59]. But at least five times of the signal 
bandwidth for sampling is required. DPD includes baseband predistortion and RF 
predistortion. For the baseband predistortion, signals are sampled and processed in 
baseband before up-conversion. The RF predistortion is applied for RF signal, i.e., the 
up-converted signal is sampled and processed. Compared to the RF predistortion, the 
baseband predistortion needs lower sampling frequency but double complexity of the 
algorithm. ~10 dB suppression of the ACP and 8 dB improvement of EVM can be 
obtained when the RF predistortion is used. 
Unlike the DPD, because the nonlinearity information of an RoF transmission system is 
blind at receiver side, DPP has to use recursive sweep and monitor the ACP to find the 
optimum coefficients of memory polynomial. This drawback degrades the linearization 
performance of DPP by ~3 dB [65]. 
Generally speaking, digital linearization is adaptive and provides the best performance 
than other linearization methods in specified limited bandwidth. And linearization 
efficiency is higher, and in particular several nonlinearities can be linearized 
simultaneously. But, higher digitizer bandwidth is required to sample higher order 
nonlinearities. The bandwidth and cost limit the application of digital linearization 
substantially. 
2.4.3 Optical Linearization Methods 
The principles of optical linearization methods are similar to electrical linearization. The 
nonlinear components generated by an RoF transmission system at two operation points 
can cancel each other, but the RF signal remains. Most optical components have higher 
bandwidth than RF components. This advantage can be employed for broadband 
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linearization in RoF transmission systems but the complexity of the linearized system is 
increased. Several linearization methods using optical components have been proposed 
such as mixed-polarization (MP) linearization [69]-[78], linearization by saturated SOA 
[79]-[81], cascaded MZMs [82]-[93], DWL [94]-[96], and other techniques [97]-[106].  
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Figure 2-23  Schematic of the MP linearized optical modulator and the transmissions of TE mode and TM 
mode of an MZM [75] 
MP linearization means that, to use transverse electric (TE) and transverse magnetic (TM) 
transmission characteristics of an RoF transmission system, the nonlinear components 
generated by TE and TM transmissions are cancelled by each other, if the nonlinear 
components from the TE and TM transmissions are in antiphase (nπ phase difference, 
n=1,3,5…). Therefore, the TE and TM characteristics must be different, which means 
that the RoF transmission must be polarization dependent, such as the RoF transmission 





 order nonlinear distortions can be significantly suppressed by appropriately 
adjusting polarization angles. However, the RF signal may be also suppressed to some 
extent, and the suppression is strongly dependent on the TE and TM characteristics of the 
MZM or EAM. For example, using Lithium Niobate (LiNbO3) MZM, an additional loss 
of 13 dB may be introduced by the MP [72]. When using Gallium Arsenide (GaAs) 
MZM, the TE and TM transmission characteristics that have opposite phase modulation 
indices are quite different from LiNbO3 MZM, and thus additional loss may not be 





 order nonlinearities at the same time. The schematic of the MP 
linearization is shown in Figure 2-23. An MZM is used as an example in Figure 2-23. 
Two polarization controllers (PCs) and linear polarizers (LPs) are used in front of and 
behind the optical modulator. LP allows only the light with specific polarization state to 
32 
 
pass through. All of the MZMs and some of the EAMs are polarization dependent. TE 
mode and TM mode experience different modulation characteristics as shown in Figure 
2-23. So TE mode and TM mode will generate different IMD3s. By carefully adjusting 
the two PCs, the maximum RF signal and minimum IMD3 can be achieved. This method 
also can be used for phase modulator. When an MZM is used for optical subcarrier 
modulation, the MP linearization can improve the SFDR by more than 12 dB [72] and 
improve the EVM of an OFDM UWB signal by ~9 dB [76]. The MP linearization 
technique also can be applied to EAM. If an EAM is used for optical subcarrier 
modulation, the MP linearization can improve the SFDR by ~10 dB and improve the 




Figure 2-24  Schematic of the linearization by saturated SOA. 
The schematic of the linearization by saturated SOA is given in Figure 2-24. The SOA is 
placed behind the MZM to compensate for the nonlinearities of the MZM. SOA is also a 
nonlinear device and its gain decreases when it is saturated. When the bias voltage of the 
MZM is set to       
  
 
   , its IMD3 is antiphase with the RF signal and its IMD2 is 
minimized. By tuning the bias current of the SOA, the IMD3 generated by the SOA is 
antiphase with that generated by the MZM so that the total IMD3 is suppressed. By using 
this linearization technique, the IMD3 is suppressed by 9 dB and thus the SFDR is 
improved by 4.5 dB [79]. However, because the SOA is saturated, its gain is low and the 
power of the RF signal is reduced. The SOA will also induce amplified spontaneous 




Figure 2-25  Schematic diagram of the linearization by cascaded MZMs. 
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The linearization method using cascaded MZMs is shown in Figure 2-25. Two MZMs are 
cascaded and they are biased and modulated with different biases and RF signal power 
separately. The two biases need to be adjusted and the magnitudes and phases of the two 
RF signals also need to be adjusted to achieve suppression of nonlinearity. The second 
MZM generates an IMD3 which is used to compensate for that generated by the first 
MZM. More than 30 dB suppression of the IMD3 can be achieved by using this method 
[82]. However, it is too complicated to adjust two bias voltages and two RF signals. 







Figure 2-26  Schematic of the DWL technique. 
Figure 2-26 shows the schematic of DWL technique. DWL technique is proposed to 
eliminate the 3
rd
 order nonlinearities generated by an EAM [94]. The principle of DWL is 
given as follows: Nonlinear distortion components generated at two wavelengths λ1 and 
λ2 can be cancelled by each other. Therefore, it is required that the transmission 
characteristics of the RoF transmission are different for λ1 and λ2, i.e., wavelength 
dependent transmission. The nonlinear components generated at λ1 and λ2 can be 
suppressed if they are antiphase with each other, while the RF signals can be improved if 
they are inphase. Fortunately, both MZM and EAM have wavelength dependent 
transmission characteristics. In other words, when an RoF system uses one of those two 
external modulators, the RoF transmission characteristic becomes wavelength dependent. 
For example, we consider an RoF transmission using an EAM. Lights emitted from two 
lasers at wavelengths λ1 and λ2 are coupled and transmitted to an EAM which is used for 
optical subcarrier modulation. The two lights experience different modulation 
characteristics in the EAM so that the RF signals and nonlinear components for the two 
lights are generated. The two lights are incoherent and carry their own RF signals and 
nonlinear components, respectively. After photodetection, the two groups of the RF 
signals and nonlinear components at the same frequencies are obtained. If the two RF 
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signals and nonlinear components are inphase and antiphase, respectively, the RF signals 
and nonlinear components will be improved and suppressed in power, respectively. By 
adjusting the power ratio of the two lasers, improvements of the RF signals and 
suppressions of the nonlinear components can be optimized. In [94], 30 dB suppression 
of 3
rd
 order nonlinearity and 8 dB improvement of SFDR are achieved in an RoF 
transmission system. It was also proved that the IMD3 generated by an MZM can be 















Chapter 3 Broadband Predistortion Circuit Using Zero 
Bias Schottky Diodes 
3.1 Introduction 
Analog PDC is a practical solution for the linearization of RoF transmission systems due 
to the advantages of low cost, high bandwidth, and compact size. In [43], a broadband 
PDC using Schottky diode was proposed to linearize the RoF transmission system from 
3.1 GHz to 4.8 GHz. The schematic is presented in Figure 2-19. However, this bandwidth 
is not sufficient because broadband RoF transmission system is a transparent 
infrastructure for wireless protocols. Therefore the bandwidth of the PDC needs to cover 
multi-band. Moreover, PDCs are installed in both the CPU and RRU, thus it has to be 








Figure 3-1  Schematic of the proposed PDC. 
In this chapter, a novel low-cost PDC with compact size and low power consumption, 
using zero bias Schottky diodes, is proposed to linearize broadband RoF transmission 
systems [107], [108]. This design is based on the previous work [43]. The schematic of 
the proposed PDC is presented in Figure 3-1. Two zero bias GaAs beam lead detector 
diodes in anti-parallel are used as the predistorter. The nonlinearity of the PDC can be 
adjusted through the bias currents of the diodes. Two DC current sources are required to 
bias the two diodes. Compared to [43], no broadband matching network is required due to 
the high series resistance of the zero bias diodes so that the dimension of the circuit is 
reduced and the bias current of the PDC is further reduced. The bias currents can be set to 
lower than 3 mA due to the zero bias diode. The proposed PDC is verified in the RoF 
transmission systems using MZM and EAM, respectively. The S-parameters, input 1-dB 
compression power (P1dB), and SFDRs are measured with and without using the PDC in 
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the experiments. The bandwidth from 7 GHz to 18 GHz is achieved and the IMD3 is 
suppressed by the PDC. 
3.2 Input/Output Relation of RoF System with PDC 
PDC
3
1 3in RF RFV a V a V 
RoF system
2 3
1 2 3out in in inV bV b V b V  
VRF Vin Vout
 
Figure 3-2  Principle of linearization using the PDC. 
The principle of using an analog PDC to linearize an RoF system is depicted in Figure 3-
2. The relationships of the input and output of the PDC and the RoF transmission system 
are also given. The PDC is symmetrical and the two arms are driven with push-pull 
biases as shown in Figure 3-1. Thus, all even order nonlinear distortion components 





components, as well as other higher odd order components, remain. When the PDC is 
designed appropriately, the IMD3 generated by the RoF transmission system can be 
suppressed by that generated by the PDC. The output voltage after the PDC and RoF 
transmission system can be described as 
                
      
          
       
  (3.1) 







 is met. Generally 
speaking, for an RoF transmission system, it has        , so the generated IMD3 and 
RF signal from the PDC must be inphase with each other. 
3.3 Prototype 
Figure 3-1 shows the schematic of the proposed PDC. It can be seen that no matching 
network is used. A WPD following the input port is used to split the RF input signal to 
the two branches. WPD is lossless and provides isolation between the two outputs. Two 
broadband capacitors ATC 550Z are used in each branch as DC blocks. Two zero bias 
GaAs beam lead Schottky detector diodes whose model number is MZBD-9161 are 
attached to the microstrip lines in anti-parallel. They generate nonlinear signals while the 
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RF signal passes through. The diode presents low zero bias junction capacitance which is 
0.03 pF and low transit time. Its beam lead allows low parasitics. The junction 
capacitance, transit time, and parasitics induce phase distortion and resonance. Positive 
and negative DC bias currents feed through two butterfly stubs and quarter wavelength 
transmission lines which block broadband RF signals. The two diodes are both forward 
biased at the same DC currents. Another WPD works as a power combiner. The diodes 
generate IMD3 which is inphase with the RF signal due to its intrinsic UI-characteristic. 
The anti-parallel structure in the circuit eliminates even order nonlinearities of the diodes. 
If an RoF transmission system generates IMD3 antiphase with RF signal and the 
proposed PDC is added in the system, the generated IMD3 can be cancelled by properly 
tuning the bias currents of the PDC. The phase distortion between the RF signal and 
IMD3 of the circuit degrades the linearization. So in the design of the circuit, the phase 
distortion should be suppressed by reducing capacitance and transit time of diodes and 
parasitic inductance in the layout. 
 
Figure 3-3  Fabricated prototype of the proposed PDC. 
The fabricated prototype of the proposed PDC is presented in Figure 3-3. It is obvious 
that the size of the proposed PDC is significantly reduced compared to the reported PDC 
shown in Figure 2-20. Its dimension without connectors is 3.5 × 1.6 cm
2
. The circuit 
consists of three parts. The top and bottom are two printed circuit boards (PCBs) which 
provide connections of DC power supplies. The PCBs are designed in large size for test 
and soldering, so their sizes can be further reduced. The prototype with 50 Ohms 
characteristic impedance is placed between the two PCBs. The substrate of the prototype 
is alumina with 9.9 dielectric constant and 10 mils thickness. The three circuits are 
connected by bonding wires and fixed on a metal base connected to the ground. 100 
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Ohms thin film resistors are used for WPD and four test thin film resistors are placed near 
the four corners of the prototype. Two 2.92 mm connectors are used.  
3.4 Experimental Evaluation of the Proposed PDC 





























































Figure 3-4  S-parameters of the proposed PDC. 
The magnitudes of S21 and S11 of the PDC are given in Figure 3-4. The fabrication 
defects generate high loss around 10 GHz. The S-parameters change little when the bias 
current is changed. The magnitude of S21 from 7 to 8 GHz is ~4 dB lower than the peak. 
The magnitude of S11 is -7 dB at 7 GHz and around -10 dB or lower than -10 dB for other 
frequencies. The measured S-parameters show high power loss at 10 GHz. Both 
transmission and reflection are lower than -10 dB. So it is illustrated that the power 
passes to the ground at 10 GHz by a short circuit. This should be caused by the 
fabrication defects of soldering and glue. The soldering and glue induce inductor with 
high inductivities which resonate with the parasitic capacitors. Then a short circuit to the 
ground is generated by the resonance so that the power flows to the ground. 
Matching networks are important components to improve power transmission. However 
for broadband design, multi-section quarter-wave impedance transformer is required. 
Four impedance transformers are required in [43]. Each impedance transformer is several 
centimeters long. The transformer increases the circuit size and parasitic inductance. 
Schottky diode has lower series resistance to reduce power loss, but zero bias diode 
usually has higher series resistance. This may induce some loss but it makes the 
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impedance of the diode close to the characteristic impedance of the transmission line. 
MZBD-9161 has a series resistance of 50 ohms which leads to ~50 Ohms device 
impedance. So the matching network can be removed in the proposed PDC.  
Schottky diodes must be biased at a voltage higher than its threshold for proper working. 
Zero bias diodes are specially designed to eliminate the threshold. So it can work at lower 
bias or zero bias. This advantage reduces the power consumption of the proposed PDC. 
The proposed PDC works at bias current lower than 3mA. The PDC is biased at 2.6 mA 
from 7 to 11 GHz and 1.1 mA from 12 to 18 GHz. The current is adjusted due to more 
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Figure 3-5  AM-AM characteristics for different bias currents. 
The amplitude-to-amplitude (AM-AM) characteristics of the circuit for different bias 
currents are given in Figure 3-5. The power transmission drops a little when the bias 
current is increased. Moreover, it can be seen that the transmission and its slope show 
increasing trends for all biases. It also shows that higher nonlinearity appears at lower 
bias current and its nonlinearity decreases with the increase of the bias current. So the 
bias current can be tuned to adjust nonlinearity of the PDC to match the nonlinearity of 
the RoF transmission system.  
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Figure 3-6  Experimental setup for the input P1dB. VNA: Vector network analyzer. MZM: Mach-Zehnder 
modulator. PD: Photodetector. 
To evaluate the linearization of the PDC, the proposed PDC is verified in an RoF 
transmission system where an MZM is used for optical subcarrier modulation. The input 
P1dB without and with the PDC is measured. Figure 3-6 shows the experimental setup. A 
vector network analyzer (VNA) is used to generate RF signal and measure the power 
transmission. The output power of the VNA is swept from -27 to 0 dBm for the linearized 
RoF system and from -27 to -5 dBm for the unlinearized RoF system. A 100 kHz to 50 
GHz broadband RF PA TA0L50VA is used to boost the RF output power of the VNA. It 
has the gain of 30 dB, return loss of -10 dB, saturation output power of 22 dBm, and 
noise figure (NF) of 5 dB. The PDC is connected between the PA and a 3-dB 90° hybrid. 
Anritsu MG9541A tunable laser source emits a continuous wave (CW) light with the 
optical power of 8.48 dBm and wavelength of 1550 nm to the MZM. A PC is used to 
adjust the polarization state for the maximum output power of the MZM. Sumitomo 
Osaka Cement 40 Gbit/s dual electrode MZM is employed and its transmission 
characteristic and bias point are shown in Figure 3-7. The MZM is biased at quadrature of 
4.1 V to achieve optical SSB. At the quadrature bias, the IMD3 generated from the MZM 
is out of phase with the RF signal. A Discovery 40 GHz PD with responsivity of 0.6 A/W 
is used for photodetection. Two SHF 810 30 kHz to 40 GHz broadband RF PAs are used 
to amplify the photocurrent. The PAs have the gain of 30 dB, return loss of -15 dB, NF of 
6 dB, and output P1dB of 17 dBm. To limit the input power to the VNA, a variable 
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attenuator (ATT) is connected in front of the port 2 of the VNA. Three amplifiers and 





















































Figure 3-8  AM-AM characteristics without and with the PDC at 12 GHz. 
The AM-AM characteristics without and with the PDC at 12 GHz is presented in Figure 
3-8. It can be seen that the power transmission of the RoF transmission system without 
the PDC and its slope show decreasing trends. The AM-AM characteristics of the RoF 
transmission system without the PDC are reverse to the AM-AM characteristics of the 
PDC as shown in Figure 3-5. So working with the PDC, the transmission compression of 
the RoF system is compensated by the transmission expansion of the PDC. Figure 3-8 
also shows that the input P1dB is improved from -16.8 to -8.8 dBm at 12 GHz. The 
effective improvement of 1.8 dB is achieved at 12 GHz considering the insertion loss of 
the circuit. 
The input P1dBs without and with the PDC are given in Figure 3-9 (a). Without the PDC, 
the RoF system has the input P1dB from -18 to -13 dBm. The input P1dB is enhanced to be 
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more than -9 dBm with the PDC. However, the PDC induces loss to the system. 
Considering the insertion loss, the input power of the MZM is measured, and the 
effective improvement of the input P1dB is given in Figure 3-9 (b). As it is shown in 
Figure 3-4, the circuit has high insertion loss at 10 GHz because of the fabrication defects. 
So the power of the IMD3 generated in the circuit is reduced. This leads to the magnitude 
mismatch and the RoF system cannot be linearized at 10 GHz. Figure 3-4 shows that the 
S21 from 7 to 8 GHz is lower. However Figure 3-9 (b) shows that the input P1dB is 
improved by more than 1.2 dB from 7 to 8 GHz. The reason is that the phase mismatch is 
more severe for higher frequency, and the phase mismatch degrades the linearization. The 
decrease of the effective improvement of input P1dB from 16 to 17 GHz is also caused by 









































































Figure 3-10  Experimental setup of the two-tone test. 
A two-tone test is also employed. The experimental setup is given in Figure 3-10. Two 
RF signal generators are used to generate two-tone signals whose frequency spacing is 4 
MHz. All the components are the same to the experimental setup of the input P1dB except 
the fact that the VNA is replaced with a spectrum analyzer (SA). The SA is used to 
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measure the RF power of the RF signals and IMD3s. In this measurement, all the PAs 
work in their linear regions. The MZM is still biased at quadrature and optical SSB 
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Figure 3-12  SFDRs of the RoF transmission systems without and with PDC and the improvements of SFDRs. 
The measured SFDRs without and with the PDC at 12 GHz are given in Figure 3-11. It 
can be seen that the slope of the IMD is 3 without the PDC, which means the IMD is 3
rd
 
order limited. By applying the PDC, the nonlinearity is 5
th
 order limited. It illustrates that 
the IMD3 is suppressed by the PDC and the dominant nonlinearity is IMD5. The SFDRs 
without and with the PDC and the improvements of the SFDRs are given in Figure 3-12. 
It can be seen that the improvement is high from 7 to 14 GHz and it decreases from 15 to 
18 GHz. The SFDRs without and with the PDC both decrease from 15 GHz to 18 GHz. 
This is induced mainly by the loss from the microwave cables and adapters. Moreover, 
the PAs generate ~10 dB more noise from 15 to 18 GHz. From 7 to 14 GHz, the PDC 
44 
 
improves the SFDR by more than 9.9 dB and from 15 to 18 GHz, it improves the SFDR 
by more than 5.8 dB. 
3.4.3 PDC Linearization for an RoF Transmission System Using an EAM 
The PDC is also verified in an RoF transmission system using an EAM and erbium doped 
fiber amplifier (EDFA). The measurement is similar to the experiments for the MZM. 
Input P1dB and SFDRs are measured. The experimental setup is given in Figure 3-13. A 
bias tee is used to combine the DC bias and RF signal. An OKI 40 Gbit/s EAM is used. 
An Amonics EDFA is used to compensate for the high insertion loss of the EAM, and its 
pump power is set to 40 mA. Two 800 MHz to 21 GHz wideband PAs ZVA-213+ are 
used to amplify the photocurrent. The PAs have the gain of 26 dB, NF of 3 dB, and 
output P1dB of 24 dBm. All other components are the same as in Figure 3-6. 
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Reverse bias voltage (V)  
Figure 3-14  Transmission of the EAM, its simulated fitting curve, and phase difference between the 
generated RF signal and IMD3 from the EAM. 
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The transmission of the EAM, its fitting curve, and phase difference between the 
generated RF signal and IMD3 from the EAM are given in Figure 3-14. A 5
th
 order 
polynomial is used to approximate the transmission. It can be seen that 5
th
 order 
polynomial is enough to approximate the transfer function of the EAM. The generated RF 
signal and IMD3 from the MZM are always antiphase because of the Mach-Zehnder 
interferometer (MZI) structure. Unlike MZM, the phases of the generated RF signal and 
IMD3 from EAM depend on its bias voltage. The phase difference between the generated 
RF signal and IMD3 from the EAM is calculated through the fitting curve by Matlab. 
Figure 3-14 shows that the phase difference is 180° for the bias voltages from -0.9 to -1.9 
V and it is 0° for other bias voltages. The PDC generates only inphase IMD3 no matter 
its bias current, so the EAM can be linearized for the bias voltages from -0.9 to -1.9 V. 
However, this range of bias voltage is sufficient for the EAM because low bias voltage 
induces low modulation efficiency and high bias voltage generates high insertion loss in 
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Figure 3-15  Input P1dBs without and with the PDC and the improvements of the input P1dB. 
The measured input P1dBs and improvements are shown in Figure 3-15. By using the PDC, 
the transmission compression of the RoF transmission system can be compensated by the 
PDC. The effective input power to the EAM is measured considering the insertion loss of 
the PDC. The input P1dBs without and with using the PDC for the whole band are given. 
Without using the PDC, the RoF system has the input P1dB from -16 to -10 dBm. Figure 
3-15 shows ~1 dB and above improvements of the input P1dB by the PDC from 8 to 17 
GHz. The reasons of low improvement at 7 and 18 GHz are high power of the even order 
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Figure 3-16  Measured SFDRs and improvement using the PDC. 
The SFDR of the RoF transmission system using the EAM is also measured without and 
with using the PDC. The experimental setup is the same to Figure 3-13 except the fact 
that the VNA is replaced by the SA. The experimental results are given in Figure 3-16. 
The IMD3 generated by the RoF system is cancelled by the PDC and the nonlinearity is 
5
th
 order limited. It can be seen that the improvement is ~9 dB and higher from 7 to 14 
GHz and decreases from 15 to 18 GHz. The SFDRs without and with using the PDC both 
are decreased from 15 to 18 GHz. This is induced mainly by the loss from the microwave 
cables and adapters. Thus, the PDC improves the SFDR by more than ~9 dB from 7 to 14 
GHz and more than ~4 dB from 15 to 18 GHz. Note that the PAs generate ~6 dB more 
noise from 15 to 18 GHz. If this additional noise is removed, higher improvement of 
SFDR could be obtained. 
3.5 Summary 
In this chapter, a low-cost analog broadband PDC is designed and experimentally verified. 
Two zero bias beam lead GaAs Schottky diodes are used as the predistorter. Zero bias 
leads to lower bias current which is lower than 3 mA so that lower power consumption is 
achieved. Because of the high series resistance of the zero bias diode, no broadband 
multi-section matching network is required. Therefore the size and parasitics of the 
circuit are significantly reduced. Without the bandwidth limitation of the matching 
network, the bandwidth of the PDC from 7 GHz to 18 GHz is obtained. Using the 
designed PDC, the input P1dB of an RoF transmission system using an MZM is improved 
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by 0.4 and up to 2.2 dB for the frequencies from 7 to 18 GHz. The measured SFDRs are 
improved by more than ~10 dB from 7 to 14 GHz and ~6 dB from 15 to 18 GHz.  
Moreover, the proposed PDC is also verified in an RoF transmission system using an 
EAM. The phase difference between the generated RF signal and IMD3 from the EAM is 
simulated. The simulation result shows that the EAM can be linearized by the PDC for 
the bias voltages from -0.9 to -1.9 V. So the EAM is biased at -1.5 V. The measured input 
P1dB of the system is also improved by 0.8 and up to 3.8 dB for the frequencies from 8 to 
17 GHz. And the measured SFDR is improved by more than ~9 dB from 7 to 14 GHz and 
~4 dB from 15 to 18 GHz by the PDC.  
Compared to the previous PDC [43], this PDC has many advantages: lower bias currents 
used and thus low power consumption, no matching network required and thus further 
smaller size and lower parasitics, and higher bandwidth. The comparison is shown in 
Table 3-1. 
Table 3-1  Comparison of the proposed PDC and the previous work [43]. 
Parameters Proposed PDC Previous Work [43] 
Bandwidth 7 to 18 GHz 3.1 to 4.8 GHz 
Bias Current < 3 mA 13.3 mA 
Dimension 3.5 × 1.6 cm
2











Chapter 4 Ultra Broadband Predistortion Circuit 
Using Dual Schottky Diode 
4.1 Introduction 
The broadband PDC using zero bias Schottky diodes proposed in Chapter 3 offers the 
advantages of high bandwidth, compact size, and low power consumption. However, the 
bandwidth is still limited because two WPDs are used. WPD has quarter wavelength 
transmission lines and the bandwidth to center frequency ratio is limited. It means that 
the center frequency has to be increased if the bandwidth needs to be broadened. Usually 
the bandwidth of WPD cannot exceed its center frequency. So the WPD cannot cover a 
band from low frequency to high frequency. If the WPD is replaced by another power 
divider, the bandwidth can be further improved. 
In this chapter, a novel ultra broadband analog PDC is proposed and verified 
experimentally [109]. The predistorter is a dual Schottky diode where two Schottky 
diodes are integrated in anti-parallel design in a single chip. By using the dual diode, no 
power divider is required in the proposed PDC. So the bandwidth of the PDC is further 
increased. Also only one DC current source is required to bias the dual diode compared to 
the PDC using zero bias diodes proposed in Chapter 3. The bandwidth range from 10 
MHz to 30 GHz is achieved in the experiments. Furthermore, the dimension of the PDC 
is further reduced to 2.4 × 1 cm
2
. The PDC is evaluated using two-tone test in the RoF 
transmission systems, where the direct modulation, EAM, and MZM are used for optical 
subcarrier modulation. The improvements of the SFDRs by using the PDC are measured. 
Moreover, to verify the linearization of wideband signal, EVM of WiFi signals 
transmitted in the RoF transmission systems without and with the PDC are also measured 
and compared. The mechanism of the proposed PDC in this chapter is the same as that in 
Chapter 3. If a PDC has reverse gain characteristic of an RoF transmission system, the 
system is linearized by connecting it with the PDC.  
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                                              (a)                                                                                               (b) 
Figure 4-1  (a) Schematic of the proposed PDC. (b) The photo of the prototype. 
The schematic of the proposed PDC is given in Figure 4-1 (a). The input and output ports 
of the PDC are connected by a microstrip transmission line whose characteristic 
impedance is 50 Ohms. A flip-chip dual Schottky diode is connected to the center. Inside 
the three-port chip, two diodes are connected in anti-parallel. There are two identical 
broadband resistors, and each of them is connected to the diode in series. The broadband 
capacitors and inductors work as bias tees. One DC current source is used to bias the dual 
diode as shown in Figure 4-1 (a). Both diodes are forward biased. It can be seen that 
push-pull structure is formed so that even order nonlinear components generated by the 
two diodes are eliminated. Even order nonlinear components from the PDC also 
contribute to the generation of the IMD3 in RoF transmission systems. In the PDC 
proposed in Chapter 3, two WPDs are employed because of their high isolation between 
two outputs, reciprocal, and matching to all ports. However, WPD is bandwidth limited 
because quarter-wave transformers are required. Furthermore, the dimension of WPD is 
further increased when the bandwidth to center frequency ratio is high. In addition, two 
DC bias current sources are required for the two divided branches. In this proposed PDC, 
no power divider is required because the anti-parallel diodes are integrated in one chip. 
So, the dimension of the circuit is further reduced and also broadband operation from low 
to high frequency can be easily obtained. In addition, only one bias current source is used. 
Schottky diodes have ultra high bandwidth up to several THz, so the bandwidth of the 
PDC is mainly limited by the junction capacitance, parasitic capacitance, parasitic 
inductance, and phase distortion induced by the transit time of the diode. For the 
prototype of the proposed PDC, the series resistance of the diode is 4.4 Ohms which is 
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very low. Most of the input power will flow to the dual diode so that the transmission of 
the PDC will be degraded. Also, the PDC generated nonlinearities could be too high to 
compensate for the IMD3 of an RoF transmission system. Therefore, the two identical 
resistors are required to be tuned carefully for improving the S21 of the PDC. If the 
resistances of the resistors are too high, the predistortion will be too weak to compensate 
for the nonlinearity of the system. Simulation by Agilent ADS momentum shows that 150 
Ohms thin film resistor will balance the transmission and the predistortion generation of 
the PDC. Broadband single layer ceramic capacitors are used for DC block and they can 
provide good connection to the ground for RF signals. The dimension of the PDC without 
connectors is 2.4 × 1 cm
2
. The photo of the PDC is given in Figure 4-1 (b). 
4.3 Measurement Results 






















































Figure 4-2  (a) Measured S-parameters of the proposed PDC. (b) Two-tone test of the proposed PDC. 
The measured S-parameters of the PDC are given in Figure 4-2 (a). Flat S21 is achieved 
from 10 MHz to 33 GHz except a drop to -5.9 dB at 25 GHz. The S11 is lower than -10 
dB from 10 MHz to 26 GHz. Then it increases to -8.5 dB at 28 GHz and decreases to -10 
dB when the frequency is increased to 32 GHz. At around 35 GHz, a peak up to -3 dB of 
the S11 appears and the S21 drops to -8 dB. When the frequency is increased to be higher 
than 35 GHz, the S21 increases to -3 dB and the S11 decreases to -30 dB. The measured S-
parameters show that the PDC can effectively work for more than 30 GHz. Even from 30 
to 40 GHz, the S21 and S11 show that the PDC may be functional.  
51 
 
A two-tone test is conducted for the PDC to measure the RF power of the RF signal and 
IMD3 generated by the PDC. The bias current of the PDC is tuned from 0 to 5 mA. The 
frequencies of the two tones are 10 and 10.2 GHz. Figure 4-2 (b) shows that the RF 
signal is reduced by 3.2 dB as the bias current increases from 0 to 5 mA. The IMD3 
achieves the highest power of 48.6 dBm at 0.1 mA and decreases to -82 dBm at 5 mA. 
Figure 4-2 (b) shows the IMD3 to RF signal ratio can be adjusted by tuning the bias 
current of the PDC. But the ratio range is limited so the PDC needs to be designed for the 
specific nonlinearity of the RoF transmission, i.e., choice of the resistance of the resistors 
is important. 












Figure 4-3  Experimental setup of the PDC linearization for a directly modulated RoF transmission system. 
 
Figure 4-4  Photo of the experimental setup. 
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Firstly, the PDC is tested in a directly modulated RoF transmission system. Direct 
modulation is low-cost and the implementation is simple. Nonlinearities in directly 
modulated RoF transmission systems are mainly from the optical subcarrier modulation 
of the laser. The laser has a bandwidth of about 10 GHz. The experimental setup of the 
PDC linearized directly modulated RoF transmission system is given in Figure 4-3. Two 
RF signal generators are used for two-tone test. The frequencies are 8 and 8.002 GHz. 
The OTx is a laser integrated with a low noise amplifier (LNA) and a transimpedance 
amplifier (TIA), and the ORx is a PD with a TIA followed by an LNA. They are 
connected in BTB. The SA is used to measure the RF output power. The photo of the 





















Current (mA)  
Figure 4-5  Measured RF output power of the RF signal and IMD3. 
The RF input power is set to -10 dBm for each RF signal generator. The bias current of 
the PDC is tuned to find the maximal suppression of the IMD3. Figure 4-5 shows the 
measured RF output power of the RF signal and IMD3. It can be seen that the maximal 
suppression of the IMD3 is achieved at 0.8 mA. The IMD3 is suppressed from -63.3 to -
91 dBm for the bias current from 0 to 0.8 mA and increased from -91 to -74.3 dBm for 
















































Figure 4-6  Measured RF spectra (a) without and (b) with the PDC. 
The bias current is set to 0.8 mA for the maximal suppression of the IMD3 and the RF 
input power is -5 dBm per channel. Figure 4-6 shows the measured RF spectra without 
and with the PDC. It depicts that the RF signal is reduced by 3.2 dB due to the insertion 
loss of the PDC and the IMD3 is suppressed by 19.6 dB. Considering the 3.2 dB insertion 
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Figure 4-7  Measured SFDRs without and with the PDC of the directly modulated RoF transmission system. 
The SFDR of the directly modulated RoF transmission system is also measured. The 
measured SFDRs without and with the PDC are given in Figure 4-7. It shows that the 
power of the IMD3 using the PDC is 5
th
 order limited. This means that the IMD3 is 
suppressed and the IMD5 is dominant. In Figure 4-7, the SFDR is improved from 105.6 
dB Hz
2/3
 to 117.5 dB Hz
4/5
. 11.9 dB improvement is obtained. So the directly modulated 




















Figure 4-8  Experimental setup for (a) two-tone test and (b) WiFi signals. 
The PDC is then evaluated in an RoF transmission system using an EAM. The 
experimental setup is given in Figure 4-8. Two-tone test and WiFi signals are used to 
verify the linearization by the PDC. The experimental setup for the two-tone test is given 
in Figure 4-8 (a). Two RF signal generators and a broadband power combiner are used to 
generate two-tone signal and the frequency spacing is 2 MHz. A PA TA0L50VA is used 
to boost the two-tone signal. The PDC is connected between the PA and a broadband bias 
tee which is used for combination of the RF signals and DC bias of the EAM. A laser 
source emits CW light with optical power of 8.48 dBm at wavelength of 1550 nm. A PC 
is used to adjust the polarization state for the maximum output power from the EAM. A 
40 Gbit/s EAM OM5653C-30B from OKI is employed for the optical subcarrier 
modulation. The 40 GHz PD with responsivity of 0.6 A/W is used. The recovered RF 
signal is amplified by a 40 GHz PA SHF810. Finally, the RF power is measured in an SA 
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Figure 4-10  Measured RF spectra (a) without the PDC and (b) with the PDC at 5 GHz. (c) Normalized gain 
compression. (d) SFDRs without and with the PDC at 5 GHz. 
The measured RF spectra at 5 GHz of the system output without and with the PDC 
respectively are given in Figure 4-10 (a) and (b). Considering the insertion loss induced 
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by the PDC, the IMD3 is suppressed effectively by 9.1 dB by the PDC. Figure 4-10 (c) 
shows the measured normalized transmission at 5 GHz. It can be seen that the input P1dB 
is improved from -13 to -8.6 dBm and the effective improvement is 1.6 dB. The output 
P1dB is improved from -31.4 to -29.8 dBm and 1.6 dB improvement is obtained. Figure 4-
10 (d) shows the measured SFDRs without and with the PDC. It shows that the IMD3 is 
suppressed and thus 5
th
 order limitation is obtained when the PDC is used. The SFDR is 





































Frequency (GHz)  
Figure 4-11  Measured SFDRs without and with the PDC respectively and the improvement of the SFDR 
versus the frequency. 
Then the frequency is swept from 1 to 30 GHz and the SFDRs are measured. The 
measured SFDRs and the improvements of the SFDRs are given in Figure 4-11. It can be 
seen that the SFDR is improved by more than 10 dB from 1 to 5 GHz and by more than 5 
dB from 1 to 30 GHz. The SFDRs drops by ~20 dB when the frequency is increased from 
1 to 30 GHz. The reason is attributed to the accumulated loss in the system and increased 
noise for higher frequency.  
WiFi signals are also transmitted in the RoF transmission system to test the PDC. The 
experimental setup is given in Figure 4-8 (b). An arbitrary waveform generator (AWG) 
7122B from Tektronix generates WiFi signals at 2.4 GHz and 5 GHz compliant with 
802.11a. The generated OFDM signal consists of 64 subcarriers with 16 quadrature 
amplitude modulation (QAM) occupying 20 MHz bandwidth. The signal rate is 36 Mb/s. 
A PA ZVA-213+ and a broadband variable attenuator constitute a variable PA. The gain 
is adjusted so that the RF input power to the EAM is always the same. After transmission 
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in the RoF system, a digital storage oscilloscope (DSO) 81204B from Keysight is used to 
receive and demodulate the WiFi signals. The constellation diagrams and EVMs are 
measured and given in Figure 4-12. It shows that the EVM is reduced from -21.15 to -
22.15 dB at 2.4 GHz and from -20.5 to -21.5 dB at 5 GHz. Thus, 1 dB improvement is 
achieved. 
EVM= -21.15 dB (a)
2.4 GHz without PDC
               
EVM= -22.15 dB (b)
2.4 GHz with PDC
 
EVM= -20.5 dB (c)
5 GHz without PDC
               
EVM= -21.5 dB (d)
5 GHz with PDC
 
Figure 4-12  Measured constellation diagrams and EVMs at 2.4 GHz (a) without, and (b) with the PDC, and 
at 5 GHz (c) without and (d) with the PDC. 
4.3.4 PDC Linearization for an RoF Transmission System Using an MZM 
Like the experiments in Chapter 3, this proposed PDC is also evaluated in an RoF 
transmission system using an MZM. The experimental setup is given in Figure 4-13. A 
40 Gbit/s MZM is used as the external modulator. Two tests are conducted to verify the 
PDC in the system. One is two-tone test from 2 to 30 GHz. The other is WiFi signal 
transmission test at 2.4 GHz. For two-tone test, the frequency spacing is 2 MHz. Two RF 
signals are combined by the broadband RF combiner and boosted by a PA TA0L50VA. 
The amplified RF signals are injected into the PDC, and then divided by a 90° hybrid to 
feed the MZM. A laser emits 8 dBm CW at 1550 nm. A PC is used because the MZM is 
polarization dependent. The half-wave voltage of the MZM is 5 V and the minimum 
transmission point is at 2.3 V as shown in Figure 4-14. The MZM is biased at its 
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quadrature point of 4.8 V so that the optical SSB modulation is achieved. After the 
photodetection by a 40 GHz PD, the signals are amplified by a broadband PA SHF810 


















Figure 4-13  Experimental setup of the linearized RoF transmission system using the MZM. (a) Two-tone 





















Bias voltage (V)  
Figure 4-14  Measured transmission of the MZM. 
The measured RF spectra without and with the PDC at 10 GHz are given in Figure 4-16. 
The bias current of the PDC is adjusted for the maximal suppression of the IMD3. Figure 
4-16 shows that the IMD3 is suppressed effectively by 1.3 dB. Figure 4-17 shows the 
measured SFDRs without and with the PDC. It shows that the IMD3 is suppressed and 
the IMD5 is dominant. The SFDR is improved by 8.8 dB. Moreover, the SFDRs from 2 
to 30 GHz are measured and given in Figure 4-18. It can be seen that the SFDRs are 
improved by more than 12 dB from 2 to 5 GHz and more than 5 dB from 2 to 30 GHz. 
Because of the accumulated loss in the system, the improvements of the SFDRs for 
higher frequencies are decreased. Figure 4-18 illustrates that the PDC linearizes the 
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Figure 4-18  Measured SFDRs from 2 to 30 GHz and the improvements. 
(a)        BTB without PDC
EVM = -25.1 dB
               
(b)         BTB with PDC
EVM = -30.2 dB
 
(c)  20 km SMF without PDC
EVM = -25.9 dB
               
EVM = -29.4 dB
(d)    20 km SMF with PDC
 
Figure 4-19  Measured constellation diagrams and EVMs for (a) BTB without the PDC, (b) BTB with the PDC, 
(c) 20 km SMF transmission without the PDC, and (d) 20 km SMF transmission with the PDC. 
Additional to the two-tone test, a WiFi signal transmission is also used to verify the 
linearization performance of the PDC for wideband signals. The experimental setup is 
shown in Figure 4-13 (b). The AWG 7122B generates a WiFi signal at 2.4 GHz 
compliant with 802.11a. A PA ZVA-213+ and a broadband variable attenuator constitute 
a variable amplifier. A DSO 81204B is used to demodulate the WiFi signals. The variable 
amplifier is adjusted so that the RF input power to the MZM is the same for both RoF 
transmission systems without and with the PDC. The WiFi signals are verified for BTB 
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Figure 4-20  Measured EVMs without and with the PDC for (a) BTB and (b) 20 km SMF transmission. 
Figure 4-19 presents the measured constellation diagrams and EVMs without and with 
the PDC respectively. The RF input power to the MZM is set to 8 dBm. For BTB, the 
EVM is improved from -25.1 to -30.2 dB. And for 20 km SMF transmission, the EVM is 
improved from -25.9 to -29.4 dB. The measured constellation diagrams also show 
improvements by the PDC. Figure 4-20 shows the measured EVMs without and with the 
PDC for BTB and 20 km SMF transmission versus the RF input power to the MZM. The 
gain of the variable amplifier in front of the PDC is adjusted by 1 dB step to change the 
RF input power to the MZM. The RF input power to the MZM is from -11 to 8 dBm. In 
Figure 4-20, it is obvious that the EVMs without the PDC are higher for low and high RF 
input power. The reason is that the noise is dominant for low RF power and the 
nonlinearities are dominant for high RF power. It can be seen that the EVM is improved 
by the PDC independent of the RF power level. The PDC improves the EVM by more 
than 0.4 dB for the RF input power from -11 to 8 dBm. This shows that the PDC can 
linearize an RoF system for broad RF input power range. When the RF input power is 
increased, the improvements of the EVMs are also enhanced for both BTB and 20 km 
SMF transmission. For BTB, the improvements of the EVMs are higher than 1 dB for the 
RF input power from -4 to 8 dBm, and the maximal improvement of 5.1 dB is achieved at 
8 dBm RF input power. For 20 km SMF transmission, the improvements are higher than 
1 dB for the RF input power from -2 to 8 dBm. The maximal improvement is achieved at 
6 dBm RF input power. Here the maximal improvement of the EVM is 3.5 dB which is 
1.6 dB lower than that for BTB. This is due to the deteriorated signal-to-noise ratio 
induced by the optical fiber loss. The WiFi test shows that the PDC can effectively 




In this chapter, a novel ultra broadband analog PDC is proposed and designed to linearize 
RoF transmission systems. A dual anti-parallel Schottky diode is used as the predistorter. 
Push-pull operation using only one DC bias is obtained; in addition there is no need for 
quarter-wavelength transmission line and power divider. The PDC is adjusted by tuning 
the bias current. The experimental results show that the replacement of the WPD by the 
dual diode does not degrade the linearization. The bandwidth from 10 MHz to 30 GHz is 
achieved. The dimension of the PDC is 2.4 × 1 cm
2
. Both RoF transmission systems with 
direct modulation and external modulation are tested in the experiments. In two-tone test, 
a directly modulated RoF transmission is linearized and the SFDR at 8 GHz is improved 
by 11.9 dB. The PDC is also evaluated in an RoF transmission system using an EAM. In 
two-tone test, it is found that the IMD3 is suppressed by the PDC and the nonlinearity is 
5
th
 order limited. The input and output P1dB are both improved. The measurements show 
that the SFDR is improved by more than 10 dB from 1 to 5 GHz and more than 5 dB 
from 1 to 30 GHz by the PDC. The low SFDR improvement at higher frequency is 
limited by the increased noise and accumulated loss. Moreover, WiFi signals at 2.4 and 5 
GHz are transmitted in the RoF transmission systems to test the PDC. The measurements 
show that the EVM is reduced by 1 dB at both 2.4 GHz and 5 GHz by the PDC. For an 
externally modulated RoF transmission system using an MZM, the SFDR is improved by 
more than 12 dB from 2 to 5 GHz and more than 5 dB from 2 to 30 GHz. The IMD3 is 
suppressed and the IMD5 is dominant. Moreover, WiFi signal at 2.4 GHz is verified in 
the RoF transmission system with external modulation using the MZM for BTB and 20 
km SMF transmission. For the RF input power to the MZM from -11 to 8 dBm, the EVM 
is improved by more than 0.4 dB. The maximal improvements of the EVMs are 5.1 dB 
for BTB and 3.5 dB for 20 km SMF transmission. It is proved that the low-cost ultra 
broadband PDC can linearize the RoF transmission systems with direct modulation and 
external modulation. To our knowledge, this is the reported PDC with the broadest 
bandwidth.  
Comparison of the previous work, the PDC in this chapter and the PDC in Chapter 3 is 
presented in Table 4-1. It can be seen that the proposed PDC in this chapter has several 
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advantages, such as wider bandwidth, smaller dimension, and requiring only one bias 
current source, but its power consumption is higher than that of the PDC using zero bias 
diode proposed in Chapter 3. 
Table 4-1  Comparison of the PDCs. 
Parameters PDC in Chapter 4 PDC in Chapter 3 Previous Work [43] 
Bandwidth 10 MHz to 30 GHz 7 to 18 GHz 3.1 to 4.8 GHz 
Bias Current < 6 mA < 3 mA 13.3 mA 
Dimension 2.4 × 1 cm
2
 3.5 × 1.6 cm
2
 13.2 × 7.7 cm
2
 












Chapter 5 Dual Wavelength Linearization for RoF 
Transmission Systems 
5.1 Introduction 
In Chapters 3 and 4, the analog PDCs are used to suppress the IMD3 of RoF transmission 
systems. Although the PDCs provide several advantages, they induce more loss to the 
systems. Moreover, the PDCs cannot deal with HDs and even order IMDs. In multiband 
RoF transmission systems, it is possible for HDs and even order IMDs to drop in the 
passband of signals. So the HDs and even order IMDs have to be suppressed in RoF 
transmission systems. Because the digital linearization cannot be applied for a system 
with high bandwidth such as 10 GHz by now, the optical linearization method is the only 
way to suppress HDs and even order IMDs. In this chapter, the DWL is used and 
investigated to linearize the externally modulated RoF transmission systems. The DWL 
technique was proposed to suppress the 3
rd
 order nonlinearities of an EAM [94], the 
IMD3 of a phase modulator [95], and the IMD3 of an MZM [96]. The bandwidth of the 
DWL technique is only limited by the RF bandwidth of the employed external modulator. 





nonlinearities of an EAM simultaneously [110]. It is also used to suppress the 2
nd
 order 
nonlinearities of an MZM in this chapter. Single-tone test and two-tone test are used to 
measure the SFDRs of RoF transmission systems. Comprehensive theoretical and 
experimental studies of DWL technique are presented in this chapter. 
5.2 Principle 
DWL technique can be applied if an externally modulated RoF transmission has 
wavelength dependent transmission characteristics [94]. Two lasers with different 
wavelengths are injected to an externally modulated RoF transmission system that 
introduces wavelength dependent transmission characteristics. The RF signal drives the 
RoF transmission system for optical subcarrier modulation. Each of the two optical 
carriers carries its own RF signal and nonlinear components. The nonlinear components 
can be suppressed if the nonlinear components from the two optical carriers are in 
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antiphase with each other and the RF signal power can be improved if the two RF signals 
are inphase. By adjusting the optical power ratio of the two lasers, the optimal 
suppression of the nonlinearity can be achieved. The EAM and MZM both can be 
linearized by DWL technique because the two modulators are wavelength dependent. 
5.3 DWL for an RoF Transmission System Using an EAM 
The EAM provides several advantages as presented in Chapter 2, so it is a good solution 
for optical subcarrier modulation in RoF transmission systems. However, EAM generates 
strong odd and even order nonlinearities which have to be suppressed. Also EAM has 
higher insertion loss. Analog PDC can linearize EAMs, but more loss is induced to the 
system. DWL technique can suppress the nonlinearities and improve the signal power in 
an RoF system using an EAM. Therefore DWL technique applied to an RoF transmission 












Figure 5-1  Schematic diagram and experimental setup of DWL for an RoF transmission system using an 
EAM. 
Figure 5-1 shows the schematic diagram. Two lights emitted from two lasers with 
different wavelengths are coupled through an optical coupler (OC) and transmitted to an 
EAM. The two lights are modulated by the same RF signal. Due to the different 
modulation characteristics of the EAM for the two wavelengths, each light transports its 
own components of the RF signal and nonlinearities to the optical receiver. Because the 
two lights are emitted from two different lasers, they are incoherent with each other. In a 
PD, the two lights are detected separately and thus the sums of the RF signals and 
nonlinear components are obtained. The total detected RF signal and nonlinear 
components can be changed by tuning the optical power ratio.  
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Single-tone is considered in the theory. Two lights A and B are assumed to be emitted to 




 order nonlinearities are the main concerns in an RoF 
transmission system, so a 5
th
 order polynomial is employed to approximate the 
transmission characteristics of the EAM [37], i.e., 
     
    
        
 
 
   
 (5.1) 
where Pi_A is the optical input power of the EAM for light A, Po_A is the optical output 
power for light A, TA is the optical transmission of the EAM for light A, an is the n
th
 order 
coefficient of the polynomial, and V is the reverse voltage applied to the EAM. The 
transmission of the EAM for light B can be also described as follows: 
     
    
        
 
 
   
 (5.2) 
The applied reverse voltage of the EAM is expressed as  
                  (5.3) 
where VDC is the DC reverse bias voltage of the EAM, VRF is the magnitude of the RF 
signal voltage, and ωRF is the angular frequency of the RF signal. Substituting (5.3) into 
(5.1), the optical output power of the EAM for light A is given as follows: 
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  (5.4g) 
The RF signal and nonlinear components carried by light A are expressed by (5.4). The 
optical output power for light B is also obtained by expanding (5.2) with (5.3). mn_B can 
be derived in the same way. The two lights are transmitted to a PD and detected. 
Photocurrent is given by 
                (5.5) 
where R is the responsivity of the PD. The components generated by the beating of the 
two lights in the PD are not involved because the frequency spacing of the two lights is 
too high to be detected by the PD. It can be seen that each of the two lights carries its 
own components of the RF signal and nonlinearities, and the sums of the two RF signals 
and different order nonlinear components are obtained after photodetection. The n
th
 order 
nonlinear component of the photocurrent is expressed as 
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                                                      (5.6) 
where D is the fiber CD coefficient, L is the fiber length, ∆λ is the wavelength difference, 
and ∆t is the delay induced by the chirp of the EAM. The CD induces delay, and the 
higher order nonlinearity is more susceptible to the delay. Combining the components 
with cosine in (5.6), the n
th
 order nonlinear component of the photocurrent is given in 
(5.7).  
  
             
 
           
 
                                             
      
                          
                                   
 
                                         
 
                             
 
         
      
                          
                                   
  
(5.7) 
Required condition for the maximal suppression of the n
th
 order nonlinear component is 
given by 
         
        
                     (5.8) 
It can be seen that the nonlinear components carried by the two lights can be suppressed 
by each other by adjusting the optical power ratio if the nonlinear components from the 
two transmissions are antiphase with each other. However, (5.7) and (5.8) show that the 
nonlinearities cannot be eliminated completely because the fiber dispersion and 
transmitter’s chirp degrade the suppression. 




 order nonlinearities are considered. Two 
SFDR definitions are used: SFDR with respect to the 2
nd
 order nonlinearity in which the 
2
nd
 order nonlinearity is considered as the major nonlinear distortion contribution, named 
as SFDR2. SFDR with respect to the 3
rd
 order nonlinearity in which the 3
rd
 order 
nonlinearity is considered as the major nonlinear distortion contribution, called SFDR3. 




 order nonlinearities can be suppressed simultaneously by 
DWL technique, but the maximal suppressions cannot occur simultaneously. Thus, to 
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comprehensively study DWL technique, two cases are considered: Case I—maximal 
suppression of the 2
nd
 order and Case II—maximal suppression of the 3rd order. In 
addition, both the single RF tone and two RF tones are considered. Thus, the 
suppressions of both the HDs and IMDs can be analyzed. 
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Figure 5-2  Measured transmissions of the EAM. 
To verify DWL technique, the RF signals and nonlinearities in an RoF transmission 
system using DWL technique are calculated and analyzed using the theory provided 
above. The schematic used for the calculation is given in Figure 5-1. Transmissions of the 
EAM for different wavelengths are measured and given in Figure 5-2 (a). It shows that 
the transmission of the EAM depends on the light wavelength and the absorption of the 
EAM is higher for lower wavelength. Figure 5-2 (b) shows that the calculated total 
transmission of the EAM when two injected wavelengths are 1510 nm and 1550 nm. 
Optical input power for the two wavelengths is the same. It can be seen that the total 
transmission is more linear than the two individual transmissions. This EAM is designed 
for C-band. The 1510 nm wavelength cannot be used individually for this EAM because 
the insertion loss is too high. Usually the EAM is biased from -1 to -3 V for low insertion 
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loss and high modulation efficiency. In the calculation, 1510 nm and 1552.6 nm are used. 
The measured transmissions for 1510 nm and 1552.6 nm of the EAM with different 
optical input power are given in Figure 5-2 (c). The absorption for 1510 nm is higher than 
that for 1552.6 nm. Figure 5-2 (c) presents the optical input power dependence of the 
EAM. The transmission characteristics shift little, especially for the reverse bias voltages 
from 0 to 2 V, when the optical input power is swept from 0 to 10 dBm at 1552.6 nm and 
from 0 to 7 dBm at 1510 nm. This denotes that the transmission characteristic of the 
EAM is independent of the optical input power. The fitting polynomials as shown in (5.1) 
and (5.2) are used to approximate the two transmissions of the EAM for 1510 nm and 
1552.6 nm. The coefficients of the fitting polynomial are extracted as a0 = 0.0179, a1 = -
0.0077, a2 = -0.0049, a3 = 0.0044, a4 = -0.0011, a5 = 0.0001, b0 = 0.0242, b1 = -0.0034, b2 
= 0.0012, b3 = -0.0021, b4 = 0.0007, b5 = -0.0001. 
Case I: Maximal suppression of 2
nd
 order 
By using the theories provided above, the RF output power of the RF signal, HD2, and 
3
rd
 order harmonic distortion (HD3) in the RoF transmission system using DWL, 1552.6 
nm laser, and 1510 nm laser is calculated and given in Figure 5-3. Here the single-tone 
test is used. The EAM is biased at -1.5 V. The frequency and power of the RF input 
signal is 3.96 GHz (single tone) and 10 dBm, respectively.  Responsivity of 0.6 A/W for 
the PD and 50 Ohm of characteristic impedance are assumed. The optical power of the 
1552.6 nm laser is 10 dBm and the optical power of the 1510 nm laser is adjusted. In 
Figure 5-3 (a), the RF output signal is improved by using DWL. The 2
nd
 order component 
HD2 is suppressed by using DWL in Figure 5-3 (b). These calculated results illustrate 
that the RF signals and HD2s carried by the two optical carriers are inphase and antiphase, 
respectively. The total HD2 is suppressed by 20 dB by the 1510 nm laser when its optical 
power is 2.7 dBm. In Figure 5-3 (c), the total 3
rd
 order component HD3 is also suppressed 
by 17 dB when the optical power of the 1510 nm laser is 11.5 dBm. It is illustrated that 
the HD3s are also in antiphase. However, the maximal suppressions of both the HD2 and 
HD3 cannot be achieved simultaneously. Figure 5-3 also shows that the total HD2 and 





























































































Figure 5-3  Calculated RF output power of (a) the RF signal, (b) HD2, and (c) HD3 using DWL, 1552.6 nm 
laser, and 1510 nm laser versus the optical power of the 1510 nm laser. VDC = -1.5 V. 
The SFDR2 (with respect to HD2) and SFDR3 (with respect to HD3) of the RoF system 
are calculated and given in Figure 5-4. The optical power of the two lasers is set to 10 
dBm at 1552.6 nm and 2.7 dBm at 1510 nm to achieve the maximal suppression of the 
HD2. Measured noise floor of the RoF system is -143 dBm/Hz. Figure 5-4 (a) shows that 
the SFDR2 is 75.9 dB Hz
1/2
 for DWL. Figure 5-4 (b) and (c) show that the SFDR2 at 
1552.6 nm is 65.4 dB Hz
1/2
 and the SFDR2 at 1510 nm is 47 dB Hz
1/2
. It can be seen that 
the HD2 is suppressed and the RF output signal is improved in power. More than 10.5 dB 
improvement of SFDR2 is obtained. Figure 5-4 (a) also shows that the HD2 cannot be 
eliminated completely. It should be noted that the maximal suppression of the HD3 is not 
achieved for this case but the HD3 is still suppressed by 1 dB. Therefore, the SFDR3 is 
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Figure 5-4  Calculated SFDRs of the RoF transmission system using (a) DWL, (b) 1552.6 nm laser, and (c) 
1510 nm laser. VDC = -1.5 V. 




























































































Figure 5-5  Calculated RF output power of (a) the RF signal, (b) HD2, and (c) HD3 using DWL, 1552.6  nm 
laser, and 1510 nm laser versus the optical power of the 1510 nm laser. VDC = -2 V. 
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For this case, the bias voltage of the EAM is changed to -2 V to verify the dependence of 






 order components in 
the RoF transmission system using DWL, 1552.6 nm laser, and 1510 nm laser is 
calculated and given in Figure 5-5. Figure 5-5 (a) shows that the RF signal is improved 
by DWL. However, the 2
nd
 order component HD2 is always increased in Figure 5-5 (b). 
In Figure 5-5 (c), the 3
rd
 order component HD3 is suppressed and it is shown that the two 
HD3s carried by the two lights are antiphase with each other. So DWL technique is bias 
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Figure 5-6  Calculated SFDRs of the RoF transmission system using (a) DWL, (b) 1552.6 nm laser, and (c) 
1510 nm laser. VDC = -2 V. 
The SFDR3 (with respect to HD3) and SFDR2 (with respect to HD2) of the RoF 
transmission system when the EAM is biased at -2 V are calculated and given in Figure 
5-6. The RF output signal power is improved and the 3
rd
 order component HD3 is 
suppressed so that the SFDR3 is improved by 5.6 dB. But the increase of the HD2 leads 
to 1.9 dB degradation of the SFDR2. (5.8) shows that mn_A and mn_B have to be in 
antiphase for the suppression of the n
th
 order component. (5.4) shows that mn_A and mn_B 







 order is independent of VRF. The reason is due to VRF VDC for the used EAM. 
The RF signal VRF affects power of the RF output signal and nonlinear components only. 
However, when VRF is increased very high, it may affect the linearization.  
5.3.3 Experimental Evaluation 
The RF output signals and nonlinear components are measured to evaluate the theory and 
calculations. Experimental setup is also given in Figure 5-1. The photo of the 
experimental setup is presented in Figure 5-7. In the experiments, the wavelengths of the 
two lasers are also 1552.6 nm and 1510 nm. The optical power of the 1552.6 nm laser is 
10 dBm. A C-band 40 Gb/s EAM with low chirp is used. Chirp induces phase distortion 
which degrades the linearization. Two PCs are used to adjust the polarization states 
because the EAM is polarization dependent. An RF signal generator Hittite HMC-T240 is 
used to generate a 3.96 GHz RF signal (single tone). A 40 GHz PD with responsivity of 
0.6 A/W is employed. A PA ZVA-213+ is used to boost the photocurrent. An SA U3772 
is used to measure the RF output power.  
 













































Optical power of the 1510 nm laser (dBm)  
Figure 5-8  Measured RF output signal and HDs using DWL versus the optical power of 1510 nm laser. VDC 
= -1.5 V. 
The optical power of the 1510 nm laser is swept to get the maximal suppression of the 
HD2. The EAM is biased at -1.5 V. The measured RF output signal and nonlinear 
components using DWL versus the optical power of the 1510 nm laser is given in Figure 
5-8. The RF input power is 10 dBm. Figure 5-8 shows that the RF output signal power is 
improved with the optical power of the 1510 nm laser because the RF signals carried by 
the two optical carriers are inphase. Figure 5-8 also shows that the maximal suppression 
of the HD2 is achieved when the optical power of the 1510 nm laser is 2.8 dBm. The 
HD3 is slightly decreased when the optical power of the 1510 nm laser is increased. It is 
illustrated that the maximal suppression of the HD3 can be achieved when the power of 
the 1510 nm laser is much higher than 4 dBm. In other words, the maximal suppressions 
of the HD2 and HD3 cannot be achieved at the same time. The measurement results in 
Figure 5-8 match the calculation results shown in Figure 5-3. 
The optical power of the 1510 nm laser is set to 2.8 dBm and the bias voltage of the EAM 
is swept to obtain the bias dependence of DWL technique. Figure 5-9 (a) shows that the 
RF signal using DWL is improved independent of the bias voltage of the EAM. It is 
meant that the RF signals carried by the two optical carriers are inphase for all the bias 
voltages. When the reverse bias voltage is increased from 0.5 to 3 V, the power of the RF 
signal for the 1510 nm decreases by 20 dB because the transmission of the EAM for the 
1510 nm drops by ~10 dB as shown in Figure 5-2. Figure 5-9 (b) shows that the HD2 is 
suppressed for reverse bias voltages from 0.6 to 1.7 V and Figure 5-9 (c) shows that the 
HD3 is suppressed for reverse bias voltages from 1.4 to 2.6 V. It is illustrated that the 
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HD2s are antiphase for reverse bias voltages from 0.6 to 1.7 V, and the HD3s are 
antiphase for reverse bias voltages from 1.4 to 2.6 V. So when the reverse bias voltages 
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Figure 5-9  Measured (a) RF signals, (b) HD2s, and (c) HD3s versus the reverse bias voltage of the EAM. 
The power ratio of the two lasers is also swept to obtain the maximal suppression of 
either the HD2 or HD3 for different biases. The power ratios of the 1552.6 nm laser and 
1510 nm laser for the maximal suppressions are given in Figure 5-10. When the reverse 
bias voltage is increased, the required power ratio is also increased. In addition, Figure 5-
10 (b) shows that the required power ratio for the maximal suppression of the HD3 is 1.5 
dB for the reverse bias voltage from 1.7 to 2.1 V. Figure 5-11 shows the measured 
improvements of the RF signals and maximal suppression of either the HD2 or HD3 
versus the reverse bias voltage of the EAM. It can be seen that the maximal suppression 
of the HD3 is lower than the maximal suppression of the HD2. The reason is due to the 
fact that higher order component is more susceptible to the dispersion and phase 
distortion. When the reverse bias voltage is increased, the improvements of the RF 
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Figure 5-10  The power ratios of the1552.6 nm lasers and 1510 nm laser for the maximal suppression of 
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Figure 5-11  Measured improvements of the RF signals and the maximal suppressions of the (a) HD2 and 
(b) HD3. 
Case I: Maximal suppression of 2
nd
 order 
The bias voltage is set to -1.5 V and the optical power is set to 10 dBm at the 1552.6 nm 
and 2.8 dBm at the 1510 nm for the maximal suppression of the HD2. The measured RF 
spectra of the RF output signals, HD2s, HD3s are given in Figure 5-12. Compared to 
using the single 1552.6 nm laser, the RF signal is improved by 1.6 dB; the HD2 and HD3 
are reduced by 23 and 2.1 dB respectively by using DWL. Moreover, it can be seen that 
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Figure 5-13  Measured SFDRs using (a) DWL, (b) 1552.6 nm laser, and (c) 1510 nm laser. VDC = -1.5 V. 
The measured SFDR2 (with respect to HD2) and SFDR3 (with respect to HD3) are given 





compared to using the single 1552.6 nm laser and single 1510 nm laser, respectively. 
Correspondingly, 11.5 and 25.9 dB improvements are achieved. Figure 5-13 also shows 
that the SFDR3 is improved by 1.8 and 11.4 dB, respectively. Because the power of the 
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Figure 5-14  Measured RF output signals using DWL, 1552.6 nm laser, and 1510 nm laser. VDC = -1.5 V. 
Figure 5-14 presents the measured RF output signal power versus the RF input power of 
the RoF system using DWL and single laser. Improvements of 3 dB for the input P1dB and 
4 dB for the output P1dB are achieved by using DWL. The extensions of the input P1dB and 
























































Figure 5-15  Measured suppressions of the RF output signal, HD2, and HD3 versus the transmission 
distance. VDC = -1.5 V. 
Equation (5.7) shows that the magnitudes of the RF signal and nonlinear components are 
periodic functions of the fiber length because of the delay induced by dispersion. The 
80 
 
dispersion between the two 1510 nm and 1552.6 nm is 644.1 ps/km in SMF. The period 
corresponding to the subcarrier frequency of 3.96 GHz is 252.5 ps. Thus, the period of 
the RF signal in (5.7) is 392 m. (5.7) also shows that the periods for the HD2 and HD3 
are half and one third of that for the RF signal, respectively. The transmission distance in 
SMF is swept to check the influence of the dispersion. The fiber length is increased from 
BTB to 0.4 km with a step of 0.01 km. An additional 10 km SMF is added and the fiber 
length is swept again. The suppressions of the RF output signal, HD2, and HD3 
compared to using the single 1552.6 nm laser are measured. The measured results are 
given in Figure 5-15. Negative suppression means improvement here. In Figure 5-15 (a), 
it can be seen that the period of the RF signal is ~380 m. The periods of the HD2 and 
HD3 are half and one third of the RF signal’s. The suppression of the HD2 is 22.7 dB for 
190 m and 18.7 dB for 380 m. The suppression of the HD2 at 380 m degrades by 4 dB. 
The reason is that the optical adapters in the fiber link induce more loss for the 1510 nm. 
By increasing the optical power of the 1510 nm laser, the suppression can be increased. 
The measurement is repeated after 10 km transmission. Because the HD3 is almost under 
the noise level after transmission, it is not included in Figure 5-15 (b). The periods are 
still 380 m and 190 m for the RF signal and HD2, respectively. However, the suppression 
of the HD2 degrades to ~7.5 dB at 10.35 km. It is caused by the accumulated loss of the 
adapters and fibers. 2.4 dB more loss is induced to the 1510 nm laser. When the optical 
power of the 1510 nm laser is increased to compensate for the additional loss, the 
suppression can be increased to 21.2 dB. So the performance of DWL is limited 
substantially by the delay induced by CD. But the delay can be compensated by using 
DCF. Thus, the linearization performance can be maintained for more than 10 km 
distance. 
For comprehensive study of the linearization performance of DWL technique, two-tone 
test is now given. All the parameters are the same as the single-tone test. The frequencies 
in the two-tone test are 3.96 GHz and 3.964 GHz. The RF input power is 10 dBm per 
channel. The measured IMD2 for DWL, 1552.6 nm laser, and 1510 nm laser are shown 
in Figure 5-16. It is shown that the IMD2 is suppressed by DWL technique by 12.9 dB 
compared to using the single 1552.6 nm laser. Moreover, the IMD3 is also suppressed by 
0.6 dB and the RF output signal is improved by 1.3 dB compared to using the single 
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1552.6 nm laser. Note that the IMD3 for the 1510 nm is lower than that for DWL. The 
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Figure 5-16  Measured spectra of the IMD3s for (a) DWL, (b) 1552.6 nm, and (c) 1510 nm and the IMD2s 
for (d) DWL, (e) 1552.6 nm, and (f) 1510 nm. VDC = -1.5 V. 
SFDR2 (with respect to IMD2) and SFDR3 (with respect to IMD3) for DWL, 1552.6 nm, 
and 1510 nm are given in Figure 5-17. DWL technique increases the SFDR2 from 66.4 
and 48.6 to 74.9 dB Hz
1/2
 compared to using the single 1552.6 nm laser and single 1510 
nm laser, respectively. 8.5 and 26.3 dB improvements are obtained. Figure 5-17 also 
shows that the SFDR3 is improved by 1.3 and 8.1 dB compared to using the single 1552.6 
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Figure 5-17  Measured SFDRs with respect to the IMDs using (a) DWL, (b)  1552.6 nm laser, and (c) 1510 
nm laser. VDC = -1.5 V. 
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Figure 5-18  Measured spectra of (a) the RF output signals, (b) HD2s, and (c) HD3s. VDC = -2 V. 
83 
 
Similar to the theory, for this case we change the bias voltage of the EAM to -2 V to 
verify the calculation results. Referring to Figure 5-10 (b), the optical power ratio of 1.5 
dB is required for the maximal suppression of the HD3. So the optical power of the 
1552.6 nm laser and 1510 nm laser is set to 7 dBm and 5.5 dBm, respectively. Firstly, 
single-tone test is given. The measured spectra of the RF output signals, HD2s, and HD3s 
are presented in Figure 5-18. The RF input power is fixed to 10 dBm. Figure 5-18 (a) 
shows that DWL technique results in an improvement of the RF output signal power by 4 
dB compared to using the single 1552.6 nm laser, and by 9.3 dB compared to using the 
single 1510 nm laser. Figure 5-18 (c) shows that DWL technique results in the 
suppression of the HD3 by more than 11 dB compared to using the single laser. However, 
Figure 5-18 (b) shows that the HD2 is increased by 13.2 dB compared to using the single 
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Figure 5-19  Measured SFDRs using (a) DWL, (b) 1552.6 nm laser, and (c) 1510 nm laser. VDC = -2 V. 
Figure 5-19 shows that the measured SFDR2 (with respect to HD2) and SFDR3 (with 
respect to HD3) using DWL and single laser. The SFDR3 is improved by 8.1 dB 
compared to using the single 1552.6 nm laser. But the SFDR2 is degraded by 2.4 dB. 
Figure 5-19 illustrates that DWL cannot eliminate the 3
rd
 order completely because of the 
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phase distortion as mentioned in (5.7). These measured SFDRs match the calculated 
results. It can be seen that there are some differences between the calculated and 
measured SFDRs. The difference is caused by the delay induced by the chirp in the EAM. 
The delay degrades the suppressions of the nonlinearities and the improvement of the RF 
signal. The delay is assumed to be 4 ps in the calculation. However, the chirp of the EAM 
is frequency dependent. Moreover, the EAM is sensitive to temperature so that the 
transmission drifts with the temperature. 
The measured RF output signal versus the RF input power of the RoF system using DWL 
and the single laser is given in Figure 5-20. The RF output signal of the RoF transmission 
system using DWL is more than 4 dB higher than that of the other two systems. It can be 
seen that the system using the 1510 nm laser shows an obvious gain expansion for the RF 
input power from 5 to 19 dBm. So the gain expansion of the 1510 nm laser compensates 
for the gain compression of the 1552.6 nm laser in DWL technique. Figure 5-20 depicts 
that the DWL technique results in the improvement of the input P1dB from 14 to 21.7 
dBm and the output P1dB from -41.1 to -29.4 dBm. 7.7 dB improvement of the input P1dB 
and 11.7 dB improvement of the output P1dB are obtained. It also shows that the system is 
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Figure 5-20  Measured RF output signals using DWL, 1552.6 nm laser, and 1510 nm laser. VDC = -2 V. 
Now two-tone test is also given to verify the suppression of the IMD3. The RF power is 
set to 13 dBm per channel because of the low power of the IMD3. The measured IMD3s 
are given in Figure 5-21. It shows that the IMD3 is suppressed by 23 dB while the RF 
output signal is improved by 3.7 dB compared to using the single 1552.6 nm laser. 
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Moreover, the IMD5 is also suppressed by 10.9 dB at the same time. When measuring the 































































































Center frequency = 3.952 GHz
Span = 5 kHz
(e)
IMD5 = -95.9 dBm
1552.6 nm




















Center frequency = 3.952 GHz
Span = 5 kHz
(d)
IMD5 = -106.8 dBm
DWL




















Center frequency = 3.952 GHz
Span = 5 kHz
(f)
IMD5 = -94.3 dBm
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Figure 5-21  Measured spectra of the IMD3s for (a) DWL, (b) 1552.6 nm, and (c) 1510 nm and IMD5s for (d) 
DWL, (e) 1552.6 nm, and (f) 1510 nm. VDC = -2 V. 
SFDR3 (with respect to IMD3) and SFDR5 (with respect to IMD5) for DWL, 1552.6 nm, 
and 1510 nm respectively are given in Figure 5-22. DWL technique increases the SFDR3 
by 20.4 dB compared to using the single 1552.6 nm laser. The SFDR5 is improved by 7.1 
dB. It is found that the RoF transmission is 7
th
 order limited, which means that the IMD3 
and IMD5 are eliminated so that the 7
th
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Figure 5-22  Measured SFDRs with respect to IMDs using (a) DWL, (b) 1552.6 nm laser, and (c) 1510 nm 
laser. VDC = -2 V. 
 
Figure 5-23  Photo of the experimental setup. 
Moreover, the RoF transmission for the WiFi signals is linearized to test DWL technique 
for wideband signals. An AWG 7122B is used to generate the WiFi signals at 2.4 GHz 
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and 5 GHz compliant with 802.11a whose signal rate is 36 Mbit/s. A PA ZVA-213+ is 
used to boost the WiFi signals. A DSO 81204B is employed to receive and demodulate 
the WiFi signals. Other components and devices are as the same as the two-tone test. The 
photo of the experimental setup is given in Figure 5-23. 
EVM = -16.6 dB(a)
          
EVM = -20.1 dB(b)
 
EVM = -19.3 dB(c)
          
EVM = -22.1 dB(d)
 
Figure 5-24  Measured constellation diagrams and EVMs for (a) 1552.6 nm at 2.4 GHz, (b) DWL at 2.4 GHz, 
(c) 1552.6 nm at 5 GHz, and (d) DWL at 5 GHz. 
Figure 5-24 presents the measured constellation diagrams and EVMs for using DWL and 
single 1552.6 nm laser. The RF output power from the AWG is fixed. When DWL 
technique is used, the optical power of the 1552.6 nm laser and 1510 nm laser is still 7 
dBm and 5.5 dBm respectively for the maximum suppression of the IMD3. When the 
single 1552.6 nm laser is used, the optical power of the laser is adjusted to obtain the 
same RF received power at the DSO. The RF received power at the DSO is -35.9 dBm 
for 2.4 GHz and -40.4 dBm for 5 GHz, respectively. The optical power for the single 
1552.6 nm laser is 8.75 dBm at 2.4 GHz and 8.5 dBm at 5 GHz, respectively. It can be 
seen that the EVM at 2.4 GHz is improved from -16.6 to -20.1 dB by DWL in Figure 5-
24 (a) and (b). Similarly, the EVM at 5 GHz is improved from -19.3 to -22.1 dB. 3.5 dB 
at 2.4 GHz and 2.8 dB at 5 GHz improvements are obtained by using DWL technique. 
The constellation diagrams related to the EVMs are also given and it is obvious that the 
constellation diagrams are improved by using DWL technique. So DWL technique 
linearizes the RoF system by using the same optical power ratio for different frequencies. 
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5.4 DWL for an RoF Transmission System Using an MZM 
DWL technique also can linearize an RoF transmission system using an MZM, because 
MZM is also a wavelength dependent device. Most MZMs are designed for the 
application for C-band or O-band. But they can still be used in other wavelengths 
although more insertion loss is induced to the MZMs. So DWL application in an RoF 














Figure 5-25  Schematic diagram and experimental setup of DWL for an RoF transmission system using an 
MZM. 
The schematic diagram of DWL for an RoF transmission system using an MZM is given 
in Figure 5-25. The main nonlinear source is assumed to be the MZM and all other 
components are assumed to be linear. Two lasers emit incoherent lights with different 
wavelengths which are coupled together and transmitted to an MZM which is used for the 
optical subcarrier modulation. A 180° hybrid is used for the push-pull modulation in the 
MZM. MZM is wavelength-dependent so that the two lights experience different 
modulation characteristics. Thus different signals and nonlinearities are generated and 
carried by the two optical carriers. In a PD, the two optical carriers are demodulated 
separately and thus the sums of the signals and nonlinearities are obtained. The total 
signal and nonlinearities can be changed by adjusting the power ratio of the two lasers. If 
the nonlinearities carried by the two lights are in antiphase, the nonlinear distortion can 
be suppressed after the photodetection. 










       
 
  
         (5.9) 
where T is the transmission of the MZM, Po and Pi are the output and input optical power 
of the MZM, respectively, L is the insertion loss, Vπ is the half-wave voltage, V is the RF 
signal, and Vb is the bias voltage applied to the MZM. Using Taylor series, (5.9) can be 
expanded as 






















   
 (5.10) 
Two incident lasers are assumed to be lasers A and B. In DWL technique, if the HD is 
suppressed, the related IMD will also be suppressed. This is proved in Chapter 5.3.3. So 
only the single-tone is considered in this part. The half-wave voltages for lasers A and B 
are different because MZM is wavelength-dependent. We assume the two half-wave 
voltages for the two lasers are Vπ_A and Vπ_B, and Vπ_A < Vπ_B. The two lasers are 
incoherent so that they can be demodulated separately in a PD. After photodetection, the 
total photocurrent can be given as follows: 
  
   
  
 
   
  
    
   
  
  
     
  
 
      
 
   
 
   
  
  
     
  
 





where PA and PB are the optical input power for lasers A and B, respectively, and R is the 
responsivity of the PD. mA and mB are the modulation indexes of the MZM for lasers A 
and B, respectively, i.e.,    
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. The n
th
 order component in the 








     
  
       
    
  
       
 (5.12) 
The power and modulation indices are positive and the power ratio of the two lasers is 
adjustable. For the even order components, (5.12) can be achieved when 
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   . Then the even order components carried by the two optical carriers can cancel 
each other. And it can be found that the odd order components are increased in the 
meantime. When             , odd order can be eliminated by properly adjust the 
power ratio of the two lasers. So it can be seen that the odd and even order components 



























Figure 5-26  Measured transmissions of the MZM. 
RF output signals, HD2s and HD3s of an RoF transmission system are measured to verify 
the performance of DWL. The experimental setup is given in Figure 5-25. A 40 Gb/s 
MZM which is designed for C-band is used. Two PCs are used and adjusted to get the 
maximum optical output power of the MZM for each laser. The two lasers are combined 
and transmitted to the MZM through a 3 dB OC. An RF signal generator is used to 
generate an RF signal. The MZM is set to push-pull modulation using a 180° hybrid. A 
40 GHz PD with responsivity of 0.6 A/W is employed. A wideband PA ZVA-213+ is 
used to boost the photocurrent. An SA is used to measure the RF output power. The two 
wavelengths of the lasers are 1553 nm and 1640 nm. Measured transmissions of the 
MZM for the two wavelengths are shown in Figure 5-26. The maximum transmission 
points of the MZM are -2.7 V for 1553 nm and -2.5 V for 1640 nm. The minimum 
transmission points are 2.3 V for 1553 nm and 2.9 V for 1640 nm, respectively. So the 
half-wave voltages are 5 V for 1553 nm and 5.4 V for 1640 nm. Referring to the 
requirements of (5.12), the even order nonlinearities can be suppressed when -0.2 V < Vb 
< 0.2 V and it is marked as Area 1 in Figure 5-26. The odd order nonlinearities can be 
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suppressed when 2.3 V < Vb < 2.9 V and it is marked as Area 2. The two Cases, maximal 
suppressions of the HD2 or HD3, are studied separately as follows.  
Case I: Maximal suppression of 2
nd
 order 
The RF signal generator is set to 7 GHz and 10 dBm. The bias voltage is swept. Optical 
power of the 1553 nm laser is set to 0 dBm and optical power of the 1640 nm laser is 
adjusted to obtain the maximum suppression of the HD2. In the experiment, it is found 
that the HD2 can be suppressed for the bias voltages from -0.2 to 0.1 V. The 































































































Figure 5-27  (a) Measured optical power of the 1640 nm laser for the maximum suppression of the HD2. 
(b) The RF power of the RF output signals, (c) HD2s, (d) HD3s for DWL, 1553 nm and 1640 nm, respectively. 
The HD2 is maximally suppressed. 
The required optical power of the 1640 nm laser for the maximum suppression of the 
HD2 is given in Figure 5-27 (a). When the bias voltage of the MZM is increased, the 
required optical power of the 1640 nm laser is also increased. From -0.2 to 0.1 V, the 
required optical power of the 1640 nm laser is increased from -10 to 5.4 dBm. The reason 
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is that the HD2 is the minimum when the MZM is biased at Vπ/2. When the MZM is 
biased at -0.2 V, the HD2 for 1553 nm is the minimum. And the HD2 for 1640 nm is the 
minimum when the MZM is biased at 0.2 V. When the bias voltage is increased from -0.2 
to 0.2 V, the HD2 for 1553 nm is increased and for 1640 nm is decreased. So the optical 
power of the 1640 nm laser has to be increased to make the power of the two HD2s the 
same. Figure 5-27 (b) shows the measured RF output signals for DWL, 1553 nm, and 
1640 nm, respectively. The power of the RF output signal for DWL is higher than that for 
1553 nm and 1640 nm from -0.2 to 0.1 V. This is because the odd order components for 
the two wavelengths are inphase in this bias range. So the RF signal is improved by DWL. 
Figure 5-27 (c) presents the HD2. The HD2 for DWL is suppressed when the power of 
the HD2s for 1553 nm and 1640 nm is the same. It illustrates that the HD2s carried by the 
two optical carriers are in antiphase from -0.2 to 0.1 V. It also shows that the HD2 for the 
1553 nm laser is increased with the bias voltage. Figure 5-27 (d) presents the measured 
HD3. It can be seen that it is increased by DWL. Moreover, when the bias voltage is 
increased, the optical power of the 1640 nm laser has to be increased as shown in Figure 




 order components are also 

















































Figure 5-28  (a) Enhancements of the RF output signal and HD3 by DWL. (b) Suppression of the HD2. 
The improvements of the RF output signal and the HD3 and suppression of the HD2 by 
DWL are given in Figure 5-28. It shows that the RF output signal and HD3 are increased 
by the same level by DWL in Figure 5-28 (a). This illustrates the SFDR with respect to 
the HD3 can be improved by DWL in this bias voltage range. When the bias voltage is 
0.1 V, the improvement of the RF output signal is 17.6 dB. Figure 5-28 (b) shows the 
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suppression of the HD2 is higher than 17 dB for the bias voltage from -0.2 to 0.1 V. And 







































































Figure 5-29  (a) RF power of the HD2 and (b) RF power of the RF output signal and the HD3 using DWL 
versus the optical power of the 1640 nm laser. 
To verify the dependence of the optical power ratio, the power of the 1640 nm laser is 
swept. The power of the 1553 nm laser is fixed at 0 dBm. The RF input power is 10 dBm 
and the bias voltage is set to 0.1 V for the maximum suppression of the HD2. Figure 5-29 
shows the HD2, RF output signal, and HD3 using DWL technique versus the optical 
power of the 1640 nm laser. In Figure 5-29 (a), the maximum suppression of the HD2 is 
achieved at 5.4 dBm. When the optical power is shifted to 4.6 or 5.9 dBm, the 
suppression degrades by 10 dB. Figure 5-29 (b) shows that the RF output signal and HD3 
are increased in power with the power of the 1640 nm laser. This is because the odd order 
components carried by the two optical carriers are inphase with each other. And it can be 
seen that 1 dB increase of optical power causes ~2 dB increase of RF power. 
Here, to simplify the explanation, the SFDRs with respect to the HD2 and HD3 are 
defined as SFDR2 and SFDR3. Then the SFDRs at 0.1 V bias voltage are measured and 
given in Figure 5-30 with respect to the HD2 and HD3 respectively for DWL, 1553 nm, 
and 1640 nm. Figure 5-30 (a) shows that the HD2 is 4
th
 order limited that means the HD2 
is suppressed by DWL. It also can be seen that the RF signal and the HD3 are both 
increased. Figure 5-30 (b) and (c) present the SFDRs for 1553 and 1640 nm, respectively. 
Compared to Figure 5-30 (b), the SFDR2 is improved by 38.4 dB and the SFDR3 is 
improved by 12.1 by DWL technique. Despite the fact that the HD3 is increased by DWL, 
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the SFDR3 is still improved. The reason is that the power of the RF signal and the HD3 is 
increased by the same power level by DWL. So the SFDR3 is improved by the increase of 
the RF output signal. Compared to Figure 5-30 (c), the SFDR2 and SFDR3 are improved 
by 11.3 dB and 0.7 dB respectively. It can be seen that the HD2 in Figure 5-30 (c) is 3
rd
 
order limited. This is because the even order nonlinearities for 1640 nm are suppressed 
when the MZM is biased at its quadrature point. So the measured 2
nd
 order nonlinearity in 
Figure 5-30 (c) is a combination of the suppressed even order nonlinearities and optical 
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Figure 5-30  Measured SFDRs with respect to HD2 and HD3 for (a) DWL, (b) 1553 nm, and (c) 1640 nm. Vb 






































Figure 5-31  Measured P1dBs for DWL, 1553 nm, and 1640 nm. Vb = 0.1 V. 
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Measured input and output P1dBs for DWL, 1553 nm, and 1640 nm at the bias voltage of 
0.1 V are given in Figure 5-31. The input P1dBs for DWL, 1553 nm, and 1640 nm are 16, 
15.5, and 15.4 dBm, respectively. So the input P1dB is improved by 0.5 and 0.6 dB. The 
output P1dBs for DWL, 1553 nm, and 1640 nm are -26, -43.9, and -27.5 dBm, respectively. 
It can be seen that the RF output signal power is improved by the 1640 nm laser. The 
output P1dB is improved by 17.9 and 1.5 dB respectively. This illustrates that the system is 















































Figure 5-32  (a) Measured SFDR2s and (b) SFDR3s versus the bias voltage. The HD2 is maximally suppressed. 
Figure 5-28 (b) shows that DWL can suppress the HD2 by more than 17 dB for bias 
voltage from -0.2 to 0.1 V. To verify the range of the bias voltage, the SFDRs and P1dBs 
are measured for bias voltage from -0.2 to 0.1 V. The measured SFDRs versus the bias 
voltage of the MZM are given in Figure 5-32. The optical power of the 1553 nm laser is 
fixed at 0 dBm. In Figure 5-32 (a), the SFDR2 for 1553 nm drops with the increase of the 
bias voltage because the HD2 for 1553 nm achieves the minimum at its quadrature point 
of -0.2 V. For the same reason, the HD2 for 1640 nm achieves the minimum at its 
quadrature point of 0.1 V. And the optical power of the 1640 nm laser is increased for the 
maximum suppression of the HD2. So the SFDR2 for 1640 nm increases from -0.2 to 0.1 
V. Compared to using a single laser, the SFDR2 is improved for the bias voltage from -
0.2 to 0.1 V by DWL. And the SFDR2 achieves the maximum at 0.1 V. Figure 5-32 (b) 
presents that the SFDR3s. The HD3 is increased by DWL, but the SFDR3 is also 
improved. So it means that the SFDR3 is improved by the increase of the improvement of 
the RF output signal. When the bias voltage is increased, the optical power of the 1640 
nm laser is enhanced so that the SFDR3 for 1640 nm is improved. The power of the RF 
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output signal is improved much more at 0.1 V than other bias voltages by DWL as shown 
in Figure 5-27 (b). So the SFDR3 achieves the maximum at 0.1 V. 
Figure 5-33 presents the measured output P1dBs for DWL, 1553 nm laser, and 1640 nm 
laser versus the bias voltage. The output P1dB using DWL increases with the bias voltage. 
It is enhanced by the increase of the optical power of the 1640 nm laser. For the system 
using the 1553 nm laser, the output P1dB changed little while the bias voltage is swept. 
And it can be seen that the output P1dB using DWL is higher than that using a single laser 
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Figure 5-34  Measured SFDRs at 4 GHz for (a) DWL, (b) 1553 nm, and (c) 1640 nm. Vb = 0.1 V. 
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To verify the frequency dependence of the DWL technique, the SFDRs at 4 GHz and 0.1 
V are also measured and given in Figure 5-34. The experimental setup is the same to that 
for 7 GHz. The measurement results show that the linearization performance for 4 GHz is 
similar to that for 7 GHz. Compared to using single 1553 nm laser, the SFDR2 is 
improved by 36 dB and the SFDR3 is improved by 9.2 dB. Compared to using single 
1640 nm laser, the SFDR2 is improved by 12 dB and the SFDR3 is improved by 1.4 dB. 
Therefore, Figure 5-34 illustrates that DWL technique is independent of RF frequency. 
Case II: Maximal suppression of 3
rd
 order 
To comprehensively study the linearization of the MZM using DWL technique, the HD3 
is also maximally suppressed by sweeping the bias voltage of the MZM and the optical 
power ratio. It is found that the suppression can be obtained for the bias voltages from 2.3 
to 2.8 V. The range of the bias voltage agrees with the calculation given in (5.12) and 
Figure 5-26. The optical power of the 1553 nm laser is 0 dBm and the optical power of 
the 1640 nm is swept to achieve the maximum suppression of the HD3. The HD3s carried 
by the two optical carriers need to have the same power to cancel each other referring to 
(5.11). The required optical power of the 1640 nm laser for the maximum suppression of 
the HD3 is given in Figure 5-35 (a). The required optical power is increased from -9 to 
6.5 dBm while the bias voltage is increased from 2.3 to 2.8 V. The reason is that the HD3 
carried by the 1640 nm laser drops to the minimum at its minimum transmission point of 
2.9 V. And the HD3 carried by the 1553 nm laser increases from its minimum 
transmission point of 2.3 V. So the optical power of the 1640 nm laser has to be enhanced 
to make the RF power of the two HD3s carried by the two optical carriers the same. 
Figure 5-35 (b) shows that the RF output signal power is reduced by ~10 dB by DWL 
because the odd order components are suppressed in this range of bias voltage. Because 
of the same reason, Figure 5-35 (d) shows that the HD3 is suppressed by more than 15 dB. 
It also shows that the two HD3s carried by the two optical carriers are almost in the same 





































































































Figure 5-35  (a) Measured optical power of the 1640 nm laser for the maximum suppression of HD3. (b) RF 
power of the RF output signals, (c) HD2, (d) HD3 for DWL, 1553 nm and 1640 nm, respectively. The HD3 is 
maximally suppressed. 
The suppressions of the RF signal and HD3 by DWL compared to using the 1553 nm 
laser are given in Figure 5-36 (a). The RF signal power is suppressed by more than 9.8 
dB for bias voltages from 2.3 to 2.7 V and 3.3 dB at 2.8 V. The HD3 is suppressed by 
more than 11.7 dB and the maximum suppression is 21.8 dB at 2.7 V. However, Figure 
5-36 (b) shows that the HD2 is increased by using DWL technique. The enhancement of 
the HD2 is increased with the bias voltage because the optical power of the 1640 nm laser 
is increased with the bias voltage as shown in Figure 5-35 (a). The minimum 




















































Figure 5-36  (a) Suppressions of the RF signal and HD3 compared to using the 1553 nm laser. (b) 
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Figure 5-37  Measured SFDRs for (a) DWL, (b) 1553 nm, and (c) 1640 nm. Vb = 2.6 V. 
The measured SFDRs when the MZM is biased at 2.6 V are given in Figure 5-37. The 
HD3 is maximally suppressed by adjusting the optical power of the 1640 nm laser. It can 
be seen that the SFDR3 is improved from 73 and 70.4 dB Hz
2/3
 to 81.9 dB Hz
4/5
 by DWL 
compared to using a single laser, although the RF signal power is also suppressed by 
DWL. It shows that the HD3 is 5
th
 order limited when DWL technique is employed. But 
the SFDR2 is reduced because the HD2 is increased by DWL. And Figure 5-37 shows 
that the power of the RF output signals is low because the MZM is biased near its 
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minimum transmission point. So although the SFDR3 can be improved, high loss is 


















































Figure 5-38  Measured (a) SFDR2s and (b) SFDR3s versus the bias voltage. The HD3 is maximally suppressed. 
Figure 5-38 presents the measured SFDRs versus the bias voltage. In Figure 5-38 (a), the 
SFDR2 degrades when DWL is used. The reason is that the HD2 is increased in this range 
of the bias voltage. And it can be seen that the SFDR2s are lower than 52 dB in this range 
of bias voltage. This is because the bias voltage is near the minimum transmission point 
of the MZM. So the RF signal is weak and the HD2 is strong. Figure 5-38 (b) shows that 
the SFDR3 is improved by using DWL compared to using a single laser. And more than 
6.3 dB improvement is achieved for the bias voltages from 2.3 to 2.8 V. The maximal 
SFDR3 using DWL is obtained at 2.8 V. Moreover, it should be noted that the P1dB 
degrades by using DWL for this range of bias voltage because the RF output signal is 
reduced. 
5.5 Summary 
In this chapter, DWL technique using two lasers with different wavelengths to improve 




 order nonlinearities simultaneously in 
RoF transmission systems has been comprehensively studied theoretically and 
experimentally. DWL technique is proved to linearize externally modulated RoF 




 order nonlinearities are both considered at the 
same time. EAM or MZM can be linearized by using DWL technique. HDs and IMDs 
can also be suppressed at the same time. 
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Firstly, an RoF transmission system using an EAM which has wavelength dependent 
transmission and nonlinear characteristics is linearized by DWL. The theory is presented 
and the dependence of the optical power ratio of the two lasers and the SFDRs are 
calculated based on the theory and verified by the experiments for the EAM. Both the 





 as well as 5
th
 order nonlinearities are suppressed. 
When the 2
nd
 order nonlinearity is maximally suppressed, 11.5 and 1.8 dB improvements 
of the SFDR2 and SFDR3 with respect to HDs respectively are achieved by using DWL. 
8.5 and 1.3 dB improvements of the SFDR2 and SFDR3 with respect to IMDs 
respectively are achieved. Correspondingly, 3 and 4 dB improvements of the input P1dB 
and output P1dB respectively are obtained. 
When the 3
rd
 order nonlinearity is maximally suppressed, the SFDR3 with respect to HD3 
and IMD3 is improved by 8.1 and 20.4 dB, respectively, and corresponding 7.7 and 11.7 
dB improvements of the input P1dB, and output P1dB respectively are achieved. It is found 
that IMD5 is also suppressed, and SFDR5 with respect to IMD5 is improved by 7.1 dB. 
Moreover, the RoF transmissions of WiFi signals at 2.4 GHz and 5 GHz are also 
linearized by using DWL technique. 3.5 dB at 2.4 GHz and 2.8 dB at 5 GHz 
improvements of the EVM are obtained by using DWL technique when the optical power 
ratio of the 1552.6 nm laser and 1510 nm laser is the same to that for single-tone and 
two-tone tests. 
Then DWL technique is also studied to linearize an RoF transmission system using an 
MZM. Theories are given to predict the bias dependence of DWL technique for the MZM. 
Single-tone test is used in the experiments. The theories and experiments both prove that 
DWL can be used to suppress the odd or even order nonlinearities in the system. But the 
odd and even order nonlinearities cannot be suppressed at the same time. And if one is 
suppressed, the other one will be increased. Unfortunately, when the odd order 
nonlinearities are suppressed, the RF signal is also suppressed. However, in the 
experiments, it is found that the SFDR2 and SFDR3 are both improved simultaneously 
when the even order nonlinearities are suppressed. The reason is that the RF signal is 
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improved. Compared to using a single 1553 nm laser, the SFDR2 is improved by 38.4 dB 


















Chapter 6 Conclusion 
6.1 Conclusion 
RoF transmission systems are transparent infrastructures to support various wireless 
access technologies. They are susceptible to the nonlinearities, and the optical subcarrier 
modulation is the main nonlinear source in RoF transmission systems. Not only the IMD3, 
but also the HDs and even order IMDs need to be suppressed for the broadband 
application of RoF transmission systems. In this thesis, three linearization technologies 
are proposed to linearize RoF transmission systems. Two low-cost broadband analog 
PDCs are proposed to suppress the IMD3 of directly and externally modulated RoF 
transmission systems. Moreover, DWL technique is investigated and verified to linearize 




 order nonlinearities are 
considered as the main nonlinearities at the same time. The detailed conclusions of these 
linearization technologies are given as below: 
1. A low-cost analog broadband PDC is designed and experimentally verified. Two 
zero bias beam lead GaAs Schottky diodes are used as the predistorter. Zero bias 
diode leads to lower bias current which is lower than 3 mA so that lower power 
consumption is achieved. The zero bias diode has high series resistance so that no 
broadband multi-section matching network is required. Thus the size and parasitics 
of the circuit are significantly reduced. The bandwidth of the PDC from 7 to 18 
GHz is obtained. Using the proposed PDC, the input P1dB of an RoF transmission 
system using an MZM is improved by 0.4 and up to 2.2 dB from 7 to 18 GHz. The 
measured SFDRs are improved by more than ~10 dB from 7 to 14 GHz and more 
than ~6 dB from 15 to 18 GHz. Moreover, the proposed PDC is also verified in an 
RoF transmission system using an EAM. The simulation shows that the EAM can 
be linearized by the PDC for the bias voltages from -0.9 to -1.9 V. As a result, the 
EAM is biased at -1.5 V. The measured input P1dB of the system is also improved 
by 0.8 and up to 3.8 dB from 8 to 17 GHz. And the measured SFDR is improved by 
more than ~9 dB from 7 to 14 GHz and ~4 dB from 15 to 18 GHz by the PDC. 
Compared to the previous work [43], this PDC has many advantages: lower bias 
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currents and thus lower power consumption, no matching network required and 
thus further smaller size and lower parasitics, and higher bandwidth. 
2. A novel ultra broadband low-cost analog PDC is proposed and designed to linearize 
RoF transmission systems. A dual anti-parallel Schottky diode is used as a 
predistorter. Push-pull operation using only one DC bias is obtained, further no 
quarter-wavelength transmission line and power divider are needed. The PDC is 
adjusted by tuning the bias current. The bandwidth from 10 MHz to 30 GHz is 
achieved. The dimension of the PDC is 2.4 × 1 cm
2
. The RoF transmission systems 
with both direct modulation and external modulation are linearized in the 
experiments. In two-tone test, a directly modulated RoF transmission system is 
linearized and the IMD3 is suppressed. The SFDR at 8 GHz is improved by 11.9 
dB. The PDC is also evaluated in an RoF transmission system using an EAM. In 
two-tone test, it is found that the IMD3 is suppressed by the PDC. The input and 
output P1dBs are both improved. The measurements show that the SFDR is 
improved by more than 10 dB from 1 to 5 GHz and more than 5 dB from 1 to 30 
GHz by the PDC. The low SFDR improvement at higher frequency is due to the 
enhanced noise and accumulated loss. Moreover, WiFi signals at 2.4 and 5 GHz are 
transmitted in the RoF transmission system to test the PDC. The measurements 
show that the EVM is improved by 1 dB at both 2.4 and 5 GHz by the PDC. For an 
externally modulated RoF transmission using an MZM, the SFDR is improved by 
more than 12 dB from 2 to 5 GHz and more than 5 dB from 2 to 30 GHz. The 
IMD3 is suppressed and the IMD5 is dominant. Moreover, WiFi signal at 2.4 GHz 
is verified in the RoF transmission system for BTB and 20 km SMF transmission. 
For the RF input power to the MZM from -11 to 8 dBm, the EVM is improved by 
more than 0.4 dB. The maximal improvements of the EVMs are 5.1 dB for BTB 
and 3.5 dB for 20 km SMF transmission. It is proved that the low-cost ultra 
broadband PDC can linearize RoF transmission systems with direct modulation and 
external modulation. To our knowledge, the proposed PDC has the broadest 





Table 6-1  Comparison of the PDCs. 
Parameters PDC in Chapter 4 PDC in Chapter 3 Previous Work [43] 
Bandwidth 10 MHz to 30 GHz 7 to 18 GHz 3.1 to 4.8 GHz 
Bias Current < 6 mA < 3 mA 13.3 mA 
Dimension 2.4 × 1 cm
2
 3.5 × 1.6 cm
2
 13.2 × 7.7 cm
2
 
Bias 1 2 2 
 
3. DWL technique using two lasers with different wavelengths to improve the RF 




 order nonlinearities simultaneously in 
externally modulated RoF transmission systems are comprehensively studied 
theoretically and experimentally. EAM and MZM can be both linearized by using 
DWL technique. HDs and IMDs can also be suppressed at the same time. Firstly, 
an RoF transmission system using an EAM which has wavelength dependent 
transmission and nonlinear characteristics is linearized by DWL. The theory is 
presented and the dependence of the optical power ratio of the two lasers and the 
SFDRs are calculated based on the theory and verified by the experiments. Both the 
calculation and experimental results show that in addition to the enhanced RF 




 as well as 5
th
 order nonlinearities are suppressed. 
When the 2
nd
 order nonlinearity is maximally suppressed, 11.5 and 1.8 dB 
improvements of the SFDR2 and SFDR3 with respect to HDs respectively are 
achieved by using DWL. 8.5 and 1.3 dB improvements of the SFDR2 and SFDR3 
with respect to IMDs respectively are achieved. Correspondingly, 3 and 4 dB 
improvements of the input and output P1dBs respectively are obtained. When the 3
rd
 
order nonlinearity is maximally suppressed, the SFDR3s with respect to HD3 and 
IMD3 are improved by 8.1 and 20.4 dB, respectively, and corresponding 7.7 and 
11.7 dB improvements of the input and output P1dBs respectively are achieved. The 
IMD5 is also suppressed, and the SFDR5 with respect to the IMD5 is improved by 
7.1 dB. Moreover, the RoF transmissions of WiFi signals at 2.4 and 5 GHz are also 
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linearized by using DWL technique. 3.5 dB at 2.4 GHz and 2.8 dB at 5 GHz 
improvements of the EVMs are obtained by using DWL technique when the optical 
power ratio of the 1552.6 nm laser and 1510 nm laser is 1.5 dB. DWL technique is 
also studied to linearize an RoF transmission system using an MZM. Theories are 
given to predict the bias dependence of DWL technique for MZM. Single-tone test 
is used in the experiments. Theories and experiments prove that DWL can be used 
to suppress the odd or even order nonlinearities in the system. But the odd and even 
order nonlinearities cannot be suppressed at the same time. When one is suppressed, 
the other one is increased. Unfortunately, when the odd order nonlinearities are 
suppressed, the RF signal is also suppressed. However, in the experiments, it is 
found that the SFDR2 and SFDR3 are both improved at the same time when the 
even order nonlinearities are suppressed. The RF signal and 3
rd
 order nonlinearity 
are improved by the same level by DWL, so the SFDR3 can be improved while the 
3
rd
 order nonlinearity is increased. Compared to using a single 1553 nm laser, the 
SFDR2 is improved by 38.4 dB and the SFDR3 is improved by 12.1 dB when the 
bias voltage is 0.1 V. 
6.2 Future Work 
One of the future studies about the linearization technologies will focus on the 
simultaneous suppressions of several nonlinearities. Chapters 3 and 4 show that the PDC 
can suppress the IMD3, but the IMD5 is also strong when the RF input power is high 
enough. So the PDC will be designed to suppress both IMD3 and IMD5 at the same time.  
One drawback of the PDC is that the PDC cannot reduce the memory effect. Also 
presently, digital linearization cannot reach high bandwidth. So one of the future works is 
the study on the broadband linearization by using the analog PDC with digital filter to 
suppress nonlinearities and reduce memory effect.  




 order nonlinearities simultaneously, but the 
additional laser increases the cost. So low-cost optical linearization technologies need to 




Although digital linearization is limited by the low bandwidth, it has the best 
performance compared to the analog and optical linearization technologies. So high-
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